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ABSTRACT
The second row third row transition metal ions and their compounds are quite
interesting due to their strong spin-orbit coupling interactions, which make them very
different from their 3-d counterparts. This places these 4-d and 5-d transition metal ions
between 3-d transition metals where the splitting is dominated by orbital effects and rare
earth ions where the splitting is dominated by spin-orbit interactions. This can lead to some
unusual and novel physical properties which may eventually lead to novel device
possibilities. However, the chemistry of these heavy d block oxides are largely ignored
compared to 3-d transition metal chemistry.
In this work we have focused on the synthesis of oxides containing these heavy
transition metal ions and lanthanides. The highly refractory nature of these heavy d block
oxides pose limitations on the use of conventional high temperature synthetic routes. These
high temperature synthetic routes typically result in many site defects, disorder, nonstoichiometry in crystal lattices and also impurities from high temperature crucibles, which
has a great impact on the physical properties of these materials. Therefore, a low
temperature synthetic route such as the hydrothermal technique is useful for these
extremely refractory compounds. The exploration of mixed metal oxide systems containing
Re, Ru, Ta and W has led to the identification of high quality single crystals of many novel
and existing compounds. For example, single crystals of highly dense LnTaO 4 compounds
were obtained which would be potential laser host materials for high energy radiation.
Several new structure types of Re, Ru, Ta and W systems were identified and this also
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revealed new structural possibilities for these transition metal ions. Solubility of the ReO 2,
RuO2, Ta2O5 and WO2 building blocks were achieved well below their melting point (600750 ⁰C) and this minimized the common problems observed in conventional high
temperature synthetic methods such as non-stoichiometry, lattice defects, disorder, and
good quality single crystals were obtained with a good purity in most cases.
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CHAPTER ONE

INTRODUCTION
Crystal Growth: Past and Present
Crystal growth in a commercially significant scale started around 1900 with the
growth of rubies by Verneuil process, which were first used for jewelry and later for clock
and watch bearings.1 During the next 50 years many other crystal growth techniques
evolved such as melt based techniques, solution growth techniques, vapor growth
techniques and sold phase growth techniques. In 1949 scientists started focusing on
studying and growing crystals for use in solid state electronics2. During this period
germanium attracted considerable attention for its semiconducting properties. In 1950 Teal
and Little were able to grow relatively large germanium crystals at Bell laboratories for the
first transistors.3 The crystal growth method used for this invention was the Czochralski
method which was rapidly becoming popular during this time for bulk crystal growth. Soon
the same growth method was adapted for the growth of silicon 4. Later, in 1960 Maiman
identifying the first working lasers using synthetic ruby, Cr:Al2O3,.5 After Maiman’s work
scientists learned to grow many new host materials for lasers. One interesting finding was
Nd:Y3Al5O12 (Nd:YAG)6 which soon became a key element in diode pumped solid state
lasers. Nd doped YVO47 was also found as a good laser material owing to its large laser
absorption emission cross sections compared to YAG. Its non-hygroscopic nature,
relatively high densities and high chemical stabilities made it a good candidate for laser
hosts. At present both Nd:YAG and Nd:YVO4 are used in many industrial applications
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including cutting, drilling, marking, trimming, soldering, scribing also as designators,
rangefinders, target illuminators as well as in military systems, medical applications such
as skin treatments and surgery 8.
With the continuous growth of this field, crystal growth has become an
interdisciplinary area that covers chemistry, physics, material sciences, geology and
engineering. Approximately 20000t crystals are produced annually, and a major portion of
these crystals is grown for the electronic industry. Nearly 10000t of silicon crystals are
produced each year by the Czochralski technique, 2500t of quartz are grown by
hydrothermal technique. About 400t of crystals are produced for optical industry. These
crystals include the laser materials (Nd:YAG, Nd:YVO4, Cr:Al2O3, etc.) and nonlinear
optical materials such as LiNbO3, KH2PO4 for different electro-optic devices 9. Due to the
strong interest in multiple fields, crystal growth, and the demand for novel materials with
interesting properties, has reached new heights.
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Traditional Methods of Crystal Growth
A number of crystal growth methods are known to date. Among these methods the most
widely used for crystal growth on the commercial scale is the melt based techniques. In
this section we will be discussing some of the popular and conventional crystal growth
methods, as well as their advantages and disadvantages.
The most common commercial crystal growth technique to date is the Czochralski
method. The technique was first discovered in 1916 by Jan Czochralski10. This method
was initially used to grow pure metals such as Sn Pb, Zn and to study their growth rates.
This method quickly received attention for its ability to grow large crystals in a short period
of time. After the discovery of transistor, workers at Bell Labs used the Czochralski
technique to grow large semiconducting single crystals like Ge and Si on an industrial
scale3,11. According to recent reports approximately 10,000t of silicon is produced annually
by the Czochralski method, while 800t of binaries such as GaAs, InP, GaP, or ZnTe are
grown by the Czochralski and Bridgeman techniques 9. In the Czochralski technique the
basic idea is to pull crystals from its melt. First a solid material is placed in a crucible and
is heated several degrees above its melting point. The seed crystal fixed to a wire is then
slowly lowered to contact the melt while rotating, and a small amount of the seed is allowed
to melt. After a short time pulling will be started and new crystallization begin.12 The
diameter of the crystal is controlled by the rate of rotation, pulling rate and by the
temperature of the melt9,13. Larger crystals require slower pulling and rotation rates. The
Czochralski method does suffer from several drawbacks14. The method is only applicable
to congruently melting materials or near congruent materials, which means the solid and
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the melt compositions are same at equilibrium. Also the high temperatures used in this
technique can result in a large thermal gradient in the crystal-melt interface, which can lead
to crystal cracking during growth. Contamination from crucible material is also a common
problem in Czochralski method. Usually these crucibles are made from iridium or similar
metals. For instance, the melting points of sapphire and spinel is close to that of iridium.
Therefore iridium inclusion into the crystal lattice is highly possible
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. The lifetime of

these containers limit to 10-15 runs and need to be replaced. Atmospheric control is also a
problem in this technique. The overall cost for Czochralski technique is also higher than
most crystal growth techniques as it require well developed motors and mechanisms for
the rotation and withdrawal of crystal15.
Bridgman technique is another popular technique among the high temperature
crystal growth methods at present. This is the dominant technique used today to grow
binary III-V and II-VI compound semiconductors with melting points below 2000 K
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.

Each year approximately 800t of binaries (ex: GaAs, InP, GaP, CdTe) are produced by
Czochralski and Bridgman techniques9. This technique has gained much attention due to
better scalability and the yield of better quality crystals compared to the Czochralski
technique.7 The system typically consist of a single zone or a multizone furnace. A
temperature gradient is maintained through the furnace. In this technique a crucible
containing the melt is transferred through hot zone to the cold zone of the furnace. A seed
is maintained at the bottom of the crucible to ensure crystal growth in a specific orientation.
The melt is mixed by rotating the crucible during the growth process. The transferring of
the melt can be done vertically or horizontally and thus referred as either the vertical
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Bridgman or horizontal Bridgman technique. In this technique the molten charge is
transferred from a very high temperature to a temperature below the melting point of the
growth material. Therefore the entire molten charge converts to a solid which is called as
an ingot or a boule. The movement of the crucible is programmed by computers and
therefore the growth rate is controlled over a long period of time.17 Although this technique
results in large crystals with a growth rate of few mm h-1, presence of impurities in the
crystal lattice has become a common issue. For example Cd1-xZnxTe boules are synthesized
by Bridgman method for photodetector applications. However, Cd1-xZnxTe grown by
Bridgman method tend to have impurities from the experimental setup including the
graphite furnace, quartz ampoules and carbon coatings, and these impurities can affect the
detector characteristics of the material.18 Also there are other disadvantages of the
technique related to the high synthetic temperatures such as twinning, and generation of
stress related dislocations.19
Flux growth is another crystal growth technique where the composition of the melt
is different from the crystal being grown. This method was used at the end of 19th century
to grow corundum crystals. Nowadays this method is commonly used for the growth of
rare-earth vanadates, barium titanates, garnets and magnesium oxides17,20. Also flux
growth is used to synthesize several laser materials such as rare earth borates and potassium
titanyl phosphate.21 This technique is a high temperature solution growth technique that
produces large size single crystals. The experimental setup consist of a furnace, a crucible
to hold the molten flux and a method to rotate the crucible and stir the flux

22

. In this

technique the feedstock components are dissolved in a flux, which is a high temperature

5

molten solvent. Supersaturation of the material to be crystallized is achieved by slow
cooling or flux evaporation. The crucible (usually platinum) is rotated to achieve uniform
temperature distribution. The crystallization can be achieved through spontaneous
nucleation or by a seed. By controlling the temperature the single crystals can be induced
to grow on the sides of the crucible.22 Commonly used fluxes are basic oxides or fluorides
such as PbO, PbF2, BaO, BaF, Na2O, K2O, and KF. In most cases the flux contains two or
three of these chemicals. One main advantage of this technique relative to the Czochralski
method is that crystals can be grown below their melting point.17 The main disadvantages
of this technique include inclusion of flux into crystal lattice, the difficulty of removing
flux agents and slower growth rates compared to melt based techniques.15,17 Also the
presence of mixed phases is a problem in flux growth. For instance during the growth of
YVO4, the melt transforms to a multiphase system resulting undesired Y 8V2O17 and YVO4x

(0< X ≤1) phases15.
Top seeded solution growth (TSSG) is another melt based technique that combines

both flux method and czochralski methods. In this method the crystals are grown on a seed
placed close to the surface of the molten flux solution. The seed is then pulled away from
the solution (rate ~0.5 to 1mm per hour) while rotating at a rate corresponding to the growth
rate of the crystal.23,24 This method became popular with the mass production of KTP
(potassium titanyl phosphate) crystals. This method has now extended to the synthesis of
nonlinear optical crystals such as BBO (BaB2O4), LBO (LiB3O5), BaTiO3 and KNbO3.25–
32

Although top seeded solution growth has advantages of both czochralski and flux

methods it also suffers from the drawbacks of both methods such as flux inclusion, crucible
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contamination and thermal strain from the thermal gradient between seed and melt
interface.33
Although the melt techniques have become the most common crystal growth
method, they suffer from several drawbacks as discussed above. Most problems related to
these methods arise from the use of high synthetic temperatures, often above 1800 ⁰C.
These high temperatures can result in a large thermal gradient in the crystal-melt interface
leading to crystal cracking during its growth. Also contamination from crucible material
and flux inclusion are common problems at these high temperatures. One major drawback
of the melt based techniques is their inability to access different classes of refractory
compounds due to their high melting temperatures. In this research we want to focus on
the growth of highly refractory mixed metal oxides that contain rare earth ions and 4d or
5d transition metal ions. Therefore, a low temperature crystal growth method such as the
hydrothermal technique would be extremely attractive for such refractory materials.
Herein, detailed discussion of the hydrothermal method will be provided to understand the
technique that was used in the current research.

7

Hydrothermal Crystal Growth
The term ‘hydrothermal ‘was first used by a geologist Sir Roderick Murchison to
explain the action of water at high temperature and high pressure in the formation of
minerals and rocks in the earth crust.34 Therefore this method is just a transfer of the process
for natural rock and mineral formation into the laboratory. The very early uses of the
hydrothermal technique was for growing CaCO3. Later this focus turned towards growing
α-quartz. In 1913 Morey and Niggli published a review on laboratory scale hydrothermal
growth of naturally occurring minerals.35Also, Spezia’s work on hydrothermal growth was
published in early 1890s.36,37 These works were the foundation the importance of
hydrothermal technology. The interest in α-quartz increased during World War II because
of its importance in acoustic detection in sonar and wireless communication. However this
material undergoes a phase transition to β-quartz at 573 ⁰C meaning that a very low
temperature crystal growth method was essential. The hydrothermal technique proved
critical with the synthesis of -quartz as large single crystals by Nacken (1946). Indeed the
hydrothermal method was found to be the only synthetic method to grow α-quartz crystals.
Since 1960 the method was extended to synthesize many inorganic compounds including
quartz, silicates, germinates, carbonates, phosphates and chalcogenides.34
The reaction vessel for the hydrothermal crystal growth is the autoclave, which
provides a closed reaction system to accommodate the temperature, pressure and
composition changes without the influence of external factors 34. Commercially available
metal autoclaves lined with inert fluoropolymers are very inexpensive and simple to use.
These autoclaves can be conveniently used to grow materials in acidic or basic conditions.
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However, the fluropolymer starts to degrade above 225˚ and so can be used only up to
about 240 ⁰C. These autoclaves can be used with many chemical systems below 240 ⁰C to
grow desired materials as powders or small crystals.38 However, this technology is not
suitable to grow refractory metal oxides that require higher reaction temperatures (400-700
⁰C). Therefore, autoclaves are designed with nickel based alloys such as Inconel 718 to
withstand the high water pressure created at these high temperatures.34,39–41 The reaction
chemicals are contained in inert metal liners such as silver, gold or platinum and completely
sealed by welding. These autoclaves are not commercially available for purchase and
therefore the parts are designed by the researchers according to their need and then
assembled in house. The cost of these autoclave parts and the self-assembly can be regarded
as drawbacks of this technology, however once the setup is made it can be used for a
number of chemical systems which are not easily accessible by conventional melt based
techniques. These reaction conditions usually provide a rich chemistry, and the products
often consist of well grown, high quality single crystals.
Mineralizers are often important components in hydrothermal reactions. These are
typically small anions such as OH-, Cl-, CO32-, NO32- and SO42- that are not incorporated
into the final product but act as a catalyst to dissolve the inert feedstock.42 In early
hydrothermal experiments pure water was used without a mineralizer, but it was found that
many compounds do not show a significant solubility even at supercritical temperatures.
Therefore most of the early hydrothermal studies produced very small crystallites instead
of well grown single crystals

34

. Selection of a proper mineralizer therefore enhance the
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quality and the growth rate of the reaction tremendously and the unique role of mineralizer
is of critical importance to the work described in this thesis.
Once the starting materials and mineralizers are sealed within the inert metal liners,
these are inserted into the autoclave and the autoclave is filled with a suitable amount of
water to achieve an appropriate counter pressure (20-30 kpsi) to prevent the welded inert
metal tubes from bursting. This closed system is then heated using ceramic band heaters to
a desired time period (typically 3-7 days), typically to temperatures between 500-700˚C.
One limitation of this process is the inability to monitor the reaction in real time. Therefore,
any details on reaction intermediates or the reaction process cannot be obtained within the
reaction time. So the reaction mechanisms are based on best possible assumptions. Another
disadvantage of this technique is the slow growth rate. Typically the reaction time varies
between 3-7 days however for certain systems reaction time can be as long as 12-14 days.
Although this is a slow growth rate, this slow growth rate contributes to defect free good
quality single crystals.
The hydrothermal method can be used for the synthesis of highly refractory oxides
that are not accessible via melt based techniques due to the high melting temperatures. The
hydrothermal method allows to synthesize these refractory compounds well below their
melting point. For example, the melting point of ZrO2 is 2715 ⁰C and the melting point of
HfO2 is 2758 ⁰C. Both these refractory compounds have been successfully prepared by
hydrothermal method.43,44 The lower synthetic temperatures reduces the thermal strain and
crystal cracking which are common problems in melt based synthesis. Also the use of less
viscous fluids in hydrothermal method reduce the solvent inclusion into the crystal lattice.
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In flux growth, flux inclusion in the crystal lattice is a common problem since the viscosity
of the solvent is high. In the hydrothermal method the supercritical fluids have a high
mobility and therefore the solvent inclusion is less. Also hydrothermal method can be used
for exploratory synthesis as well as for the synthesis of targeted compounds. Despite all
these benefits the hydrothermal technique only contributes to the annual mass production
of single crystals by approximately 8%.9 This limited use of the technique could be mainly
associated with the initial cost of the equipment and the difficulty in monitoring reactions.
However, research on hydrothermal crystal growth over several decades has revealed the
potential of this technique to grow compounds that are important in technological aspects,
and also the possibility to produce many novel compounds with interesting structural
frameworks, which were hindered by conventional solid state synthetic methods.

Current Research on Mixed Metal Oxides Containing Rare-earth ions and
Transition Metal ions
Transition metal compounds are one of the most interesting class of compounds
and tend to show unsual structural, magnetic and electronic properties with a potential
technological interest. First row transition metal compounds tend to show diverse and
unusual properties, including high Tc-superconducting cuprates, colossal magnetoresistant manganites, thermoelectric cobaltites, Mott insulating titanates, thermochromic
vanadates, and many others.45 Most of these unusual properties are a result of incomplete
d shells in the transition metal ions. Recently there has been a growing interest in studying
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mixed metal oxides containing 4-d, or 5-d transition metals. The properties of oxides with
4-d, 5-d transition metals are much less explored compared to 3-d transition metal oxides.
The properties of 4-d and 5-d transition metal oxides are very different from their 3-d
analogues. The 4-d and 5-d transition metals have extended d orbitals and therefore can
have higher oxidation states than 3-d transition metal elements. Also these higher oxidation
states of 4-d, 5-d transition metals are relatively more stable compared to the higher
oxidation states observed in 3-d transition metal elements. For example, WO3, MoO3 are
normal oxides of tungsten and molybdenum. The high oxidation states observed in most
3-d transition metal elements are more oxidizing. For example CrO3 is a strong oxidizing
agent.46 Also in 3-d transition metal ions the electronic states are well localized and this
can be explained in terms of crystal field states such as t 2g and eg. The 3-d electrons
minimize energy by adapting to this crystal field and the d orbitals are tightly bound to the
crystal lattice. This means the orbitals cannot orient in the direction of the applied magnetic
field and therefore, the orbital angular momentum is completely quenched. The spin orbit
coupling is very weak and the magnetic moment depends on the contribution from angular
momentum of spins.47 However, the spin-orbit coupling increases with atomic number and
therefore it is stronger in 4-d, 5-d transition metal ions as well as in 4-f lanthanides. The
spin-orbit coupling of 5-d transition metals are one magnitude larger than 3-d transition
metal ions. When the spin-orbit coupling is very strong the total angular momentum is
governed by the total effect of both spin and orbital angular moments and therefore the
physical properties of these systems greatly differ from the systems with weak spin orbit
coupling.48 Also the diffusive nature of d orbitals increase in the order of 3d<4d<5d and
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therefore the ligand field is greater in 4d and 5d transition metal ions compared to 3d
transition metal ions.49 The presence of overlapping energy scales and the unique
completion between the fundamental interactions in 4-d and 5-d oxides including spinorbit, coulomb and exchanging interactions make these compounds very different from
their 3-d counterparts. This can lead to the identification of novel magnetic, electric and
other physical properties which will ultimately result novel device possibilities.48
In lanthanides the atomic radii between each other vary only by a few percent and
the chemical properties of these elements are quite similar. Therefore, when combined with
a transition metal ion, one can expect to obtain similar crystal structures with all rare earth
ions. In contrast, the chemical and physical properties of such compounds can vary
significantly across the rare earth series. Because the spin orbit coupling shows a large
variation from La to Lu due to the filling up of f electrons. This means that the combination
of rare earth elements with a transition metal can lead to a number of compounds and a
number of crystal structures. The lanthanides also have a wide variation of coordination
environments and the existence of partially filled 4-f orbitals in lanthanides also can give
rise to interesting magnetic and electronic properties that are different from transition
metals. Therefore, when the 4-d or 5-d transition metal oxides combined with lanthanides
it can be expected to obtain a wide variety of compounds with interesting structural
properties as well as interesting physical properties.50,51
It is clear that the mixed metal oxides containing 4-d or 5-d transition metal ions
and lanthanides can have strong magnetic moments arising from both the transition metal
ion partner and the rare earth ion partner. But also compounds can be formed with La, Lu
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and Y where the rare earth ion partner has no magnetic moment. Such compounds has also
gained much attention since this is a great opportunity to study the magnetism of the 4-d
or 5-d transition metal ions.
In this work we focus on synthesis of several 4d/5d transition metal-rare earth ion
oxides; rare-earth rhenates, rare-earth ruthenates, rare-earth tungstates and rare-earth ortho
tantalates. Rhenium, the 5d element in group VII exhibits multiple oxidation states ranging
from +4 to +7 in ternary rhenium complexes. Tungsten, the 5d element in group VI mostly
exhibits oxidation state ranging from +4-+6 in ternary complexes. Ruthenium, the 4d metal
in group VIII can display oxidation states between +4 and +7. Therefore, the combination
of rhenium, ruthenium or tungsten with rare earth ions in different stoichiometries can
probably produce many different electronic variations. However, it should be noted that
there are not many known ternary rare-earth oxides rhenium, ruthenium or tungsten
complexes in the literature. Even with the known ternary structure types only one or two
rare-earth analogues has been synthesized and there are many gaps in these systems.
Therefore exploration of these systems can reveal other analogues of the known
compounds and may also result in new compounds with interesting structural and physical
properties. Also most of the known rare-earth-rhenium, ruthenium or tungsten compounds
are reported as powders or polycrystalline samples and most systems lack single crystal
data for these compounds. For example for ruthenium, magnetically interesting rare-earth
ruthenium pyrochlore compounds were known for a long time. Ruthenium pyrochlores
gained much attention due to their technological importance as catalysts

52,53

, electrode

materials 54 and unusual electronic properties 55–57. However, most ruthenium pyrochlores
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have been prepared as powders to date. Another structural family of technological
importance are perovskites. These are particularly interesting in terms of physical and
electrical properties such as pyro and piezo electricity, linear and nonlinear electro optic
effects, dielectric and superconducting properties.58 Also, most of the pyrochlore and
perovskite ruthenates have been prepared by high temperature, so site disorder and high
levels of lattice defects have been observed for them.59,60 Therefore improved crystal
growth methods are required to grow these materials as good quality single crystals so their
physical properties can be studied carefully and accurately.
Another class of compounds considered in this research are rare-earth
orthotantalates. In rare-earth ortho tantalates the oxidation state of Ta is +5 and therefore
valence d electrons are not present unlike rhenates, ruthenates and tungstates. Hence the
primary focus on this class of compounds are their optical properties. The interest on these
compounds developed with the industrial demand for laser host materials and radiation
detectors. After the discovery of ruby laser it was soon replaced by the more efficient
neodymium doped yttrium aluminum garnet (Nd:YAG) laser. Later on, it was found that
Nd:YVO4 has a much large laser absorption emission cross section compared to Nd:YAG.
Some other attractive characteristics of YVO4 are its non-hygroscopic nature, relatively
high density and high chemical stability. However, during crystal growth, V5+ tends to
reduce at high temperatures with corresponding oxides site defects. These create optical
absorptions to prevent effective lasing. Also YVO4 along with other rare earth ortho
vanadates crystallize in a tetragonal crystal system which has a weak lattice plane and tends
to crack along this plane during growth.61. These issues led us to think about rare-earth
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niobates and rare-earth tantalates since these materials have a much higher density
compared to YVO4. Also both rare-earth niobates and rare-earth tantalates crystallize in a
different crystal system which eliminates the problems with crystal cracking. Between rareearth niobates and rare-earth tantalates, LnTaO4 compounds can yield much denser unit
cells and therefore can act as scintillation host materials to detect high energy ionizing
radiation such as X-rays or gamma rays. However, rare earth ortho tantalates are still
mostly prepared as powders. Synthesis of rare-earth ortho tantalates as good quality single
crystals is necessary before they can be used as laser host materials or detectors.
One limitation on synthesizing the above mentioned 4d/5d transition metal-rareearth ion oxides is their refractory nature. These materials may possess melting points
above 2000 ⁰C. The high melting points of these compounds pose restrictions on using
conventional melt based techniques for the synthesis. Although solid state methods has
been used to grow such compounds, they often lead to formation of either small crystals or
powders62,63. Therefore, a low temperature crystal growth method such as the hydrothermal
technique would be extremely attractive for such refractory materials. According to the
continued hydrothermal research done by our group, hydrothermal technique produce best
results with amphoteric oxides. Therefore, transition metal oxides and rare earth oxides can
produce best hydrothermal chemistry. The right mineralizer conditions can provide the
solubility for even the extremely refractory oxides (MP>2000 ⁰C) and this may result an
extensive array of compounds as high quality, high purity single crystals.42
Hydrothermal method enables growth of single crystals well below their melting
points (often <700⁰C) which eliminates the problems associated with thermal strain and
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contamination from high temperature crucibles9,42. The high temperature synthetic routes
can also lead to site defects and disorder in crystal lattices due to the volatility of transition
metal oxides, inhomogeneous growth and low quality single crystals.59 This can also
greatly affect the physical properties of these materials.
Recently there has been a huge interest on pyrochlore type materials (R2M2O7) that
contain rare earth ions (R) and transition metal ions (M) due to their unique structure lead
to interesting physical properties. However, the preparation of good quality single crystals
of pyrochlore phase is challenging. Traditionally these materials are prepared by high
temperature routes and this has led to the formation of polycrystalline samples or crystals
with site defects due to the volatility of transition metal oxide. 64–66 Several unsuccessful
attempts has been made to control the loss of transition metal ions by adding excess of
transition metal starting material to the reaction medium, however it is obvious that this is
an uncontrolled method to fix the M:R ratio. 67,68 A better way to control this loss of
reactants is conducting the reaction in a closed system such as the hydrothermal system.
Interestingly, a recent paper reports the synthesis of single crystals of 5-d pyrochlores such
as R2Ir2O7 with minimum site defects by using hydrothermal technique. This improved
stoichiometry of these pyrocholre compounds has also resulted significantly high electrical
resistivities than the previously reported pyrochlore samples. 60 Also the sealed
hydrothermal reaction system can provide chemical control of reaction conditions
(oxidation potential, pH, stoichiometry, etc).42 In this study it has been found that these
closed reaction conditions is a good way to minimize impurities that arise from open
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reaction systems.60 Considering all these factors hydrothermal method seemed as a
promising technique to approach these heavy element oxides.
Recent studies in our group show that this method is suitable to grow extremely
refractory oxides such as Sc2O3, ThO2, HfO2 and Lu2O3 at temperatures between 400-750
⁰C

69–72

. Also in the past our group has been successful in growing rare earth-transition

metal oxides with Nb2O5, TiO2, V2O5 building blocks using hydrothermal technique 51–54.
So hydrothermal technique can be considered as a promising method to grow highly
refractory transition metal-rare earth oxides at relatively low temperatures. In this research
we have extended this hydrothermal approach towards ReO2, RuO2, WO2 and Ta2O5
building blocks and a number of interesting rare-earth-transition metal complexes were
identified during the process. In chapter three we discuss the hydrothermal synthesis of
several novel rare earth rhenates by using deionized water instead of a mineralizer. This
work revealed a rich chemistry with many compounds containing different Re oxidation
states, Re-Re multiple bonds and Re clusters. This work was further extended towards
ruthanates and the synthesis of several novel and known rare earth ruthanates are discussed
in chapter four. Several technologically important rare earth ruthanates such as
pyrochlores, perovskites were synthesized as high quality single crystals with minimum
site defects and disorder. Exploratory synthesis of rare earth tungstates also revealed many
novel compounds with complex crystal structures and are discussed in chapter five. This
also revealed several optically interesting double tungstate compounds with a structure type
that is not well known in literature. Furthermore, target synthesis of optically interesting
rare earth orthotantalates are discussed in chapter six. This work yielded several highly
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dense rare earth ortho tantalates, with LuTaO4 showing the highest density of 9.726 gcm3

. The extremely high density of these materials make them attractive as laser hosts for

high energy radiation such as X-rays, gamma rays. The hydrothermal crystal growth of
these materials, the effect of mineralizers, temperature and stoichiometry are discussed in
the following chapters. The succeeding chapters will further reveal the validity of the
hydrothermal technique in exploratory synthesis and targeted synthesis of these refractory
oxides.
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CHAPTER TWO

EXPERIMENTAL TECHNIQUES
Hydrothermal synthesis in silver ampoules
In this chapter experimental details for the high pressure and high temperature
hydrothermal technique will be discussed. This is the technique used for all the synthesis
work in this dissertation. The reactions are carried out in Tuttle sealed autoclaves made
from Inconel 718. The material used to make the autoclave body affects the temperature
range it can be used. Inconel 718 typically can be used up to 800 ⁰C.1 The volume of liquid
that can be held by a typical autoclave in our lab is 25-30ml. Other parts of the autoclave
include high pressure valves, adaptors, fittings and pressure heads. Many of these were
supplied by HPP (High Pressure Parts). The reactions are not directly run inside the
autoclaves due to the corrosive nature of mineralizers.2 Instead reaction components are
sealed inside inert silver liners. Silver is used as it reasonably inert and relatively
inexpensive compared to platinum or gold liners. However, silver liners cannot be used
with acids or oxidizing conditions.2 The silver tubes are typically 1/4” or 3/8” outer
diameter and were cut in to 2.8” length sections for the reactions. One end of each tube is
welded using a CEA model TOP-165 HF inert TIG welder using a carbon electrode under
flowing argon. The reactants were then added into the tubes in powdered form. Typically
the total weight of the solid was maintained at 1.150-0.200g for 1/4” tubes and 0.3000.400g for 3/8” tubes. Mineralizers are always freshly prepared in glass vials and added to
the silver tubes via syringe. The volume of the mineralizer is maintained between 0.3-0.4ml
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for 1/4” tubes and 0.7-0.8ml for 3/8” tubes to prevent difficulties in welding in the final
stage. Once the mineralizer is added, the open end of the silver tube is crimped and
carefully welded to prevent any leaks. Usually six 1/4” tubes or three 3/8” tubes can be
fitted into one autoclave. Once the silver tubes
are inserted into the autoclave, the remaining
space was filled with deionized water to prevent
the tubes from bursting under high pressure while
heating. Two ceramic band heaters are used for
each autoclave body to heat the system. These
ceramic band heaters (N-76580) are obtained
from Omega Heaters. Once the band heaters are
attached the autoclave is placed inside a pit made
with concrete blocks and the body is covered
with vermiculite for insulation. The temperature
of

the

autoclave

was

measured

using

thermocouples attached to a temperature

Figure 2.1: Inconel 718 autoclave

control box.

with its parts. Silver tubes with ¼”

The temperature was set

depending on the reaction and it was

and 3/8” diameter are shown.

maintained within 4 ⁰C of the set temperature
for 7-14 days. The reaction time was selected according to each reaction type. The pressure
buildup within the autoclave was measured through the pressure head and this was
manually and frequently monitored for safety purposes. After the reaction period the

26

autoclaves were allowed to cool to room temperature before removing the silver ampoules.
The ampoules were cut open and the product was collected onto a filter paper by rinsing
with deionized water. Finally the product was dried by vacuum filtration before any
characterization.
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Characterization Techniques
Single crystal X-ray Diffraction
Single crystal structures were determined using a Rigaku AFC8 Single Crystal Xray diffractometer equipped with a Mo Kα (λ = 0.71073 Å; graphite monochromated)
sealed tube source and a Mercury CCD detector, or a Bruker D8 Venture equipped with an
Incoatec Mo Kα microfocus source and Photon 100 CMOS detector. All the single crystal
structure characterization were performed at room temperature. Data were collected using
phi and omega scans with a width of 0.5 degrees. Data were processed using the Apex3
and CrystalClear software package and corrected for absorption and Lorentz and
polarization effects.3 Space group determinations were made based on systematic absences.
The structures were solved by direct methods and subsequently refined using full-matrix
least squares techniques within the SHELXTL software suite 4. All non-hydrogen atoms
were refined anisotropically. PLATON software was used to identify any possible twinning
and to see if there is any other possible space groups.5 DIAMOND software was used to
draw the various views of the crystal structures. 6.

Powder X-ray Diffraction
Powder X-ray diffraction (PXRD) was performed using a Rigaku Ultima IV
diffractometer with CuKα radiation (λ= 1.5406 Å) at 0.02° intervals at a rate of between
0.2-1°/min from a 2θ range of 5°-65⁰. The composition and the purity of the product was
analyzed using PXRD-PDXL software 7. The powder patterns were matched with the
calculated powder patterns obtained from single crystal structure solutions. The calculated
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powder patterns were obtained by PCW software. Origin 8 software was used to overlay
the calculated and observed powder patterns to get an idea about product distribution and
purity.

Infrared Spectroscopy
Infrared spectroscopy was carried out to identify the functional groups in the
synthesized compounds, mainly OH- or H2O. The under-bonded oxygen atoms in the
structure were first identified by bond valence sum calculations and then IR spectroscopy
was used to support the structural assignments by observing the presence or absence of OH groups. Infrared spectra were collected using a Thermo-Nicolet Magna 550 FTIR
equipped with a Thermo-Nicolet NicPlan FTIR microscope and a MCT/A detector. The
data was collected under flowing N2. OMNIC software was used to process the spectrum
between 400-4000 cm-1.8 For powder samples the KBr pellet method was used. To make
the KBr pellets a small amount of the sample (4-10mg) was mixed with oven-dried KBr
(0.2g) and pressed using a hydraulic pellet press. The KBr powder was dried in the oven at
200 ⁰C 2 hours to eliminate any moisture. A separate pellet was also made with only KBr
as the blank. This blank KBr pellet was measured before each data collection step to get
the background. A different method was used for well grown single crystals with flat
surfaces. The single crystals were rolled out on a ZnSe plate, and the spectra were collected
using 16 scans of the resultant sample at a resolution of 4 cm-1.
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Energy Dispersive X-ray Analysis (EDX)
Elemental analysis is important in identifying the ratio of elements in a structure.
Whenever fluorides were used as the mineralizer, this technique was performed to ascertain
the presence or absence of fluoride in the structure. Also elemental analysis was useful in
identifying OH-/F- ratios in some of the more complex tungsten structures. Elemental
analysis was performed using energy dispersive X-ray analysis (EDX) with a Hitachi S3400 scanning electron microscope equipped with an OXFORD EDX microprobe. The
samples were placed on a carbon tape attached to a carbon disk. The disk was placed inside
the SEM chamber. An electron beam with an accelerating voltage of 20kV was used. For
each analysis scattered X-ray was collected for 30 seconds.

Raman Spectroscopy
The single crystal Raman data was collected in two different ways. To scan the low
wave number regions from 100-900 cm-1, a 532 nm diode laser (Crystalaser) and Renishaw
inVia Raman spectrometer was used. Single crystals were mounted on glass capillary tubes
for Raman measurements. To scan the high wave number regions between 2000-4000 cm1

, an Olympus IX71 inverted microscope with a 20x objective lens coupled to a TRIAX

552 spectrometer equipped with a thermoelectrically cooled CCD detector (Andor
Technology, Model DU420A-BV) was used. An argon ion laser was used to excite the
Raman scattering. All data were plotted using origin 8 software.
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X-ray Photoelectron Spectroscopy (XPS)
X-ray Photoelectron Spectroscopy (XPS) is useful in identifying the oxidation
states of certain elements in a compound. In this dissertation this technique was mainly
used to identify the oxidation states of rhenium compounds. XPS measurements were
performed using Versaprobe III Scanning XPS Microprobe equipped with an Al-Kα X-ray
source operating at 1486.6 eV. Survey scans were done using an analyzer pass energy of
280eV and the high energy resolution scans of the core level Re 4s, Re 4f, C 1s, and O 1s
transitions were acquired at a pass energy of 55eV. All analysis were performed without
stage tilt. High energy resolution spectra were calibrated with respect to the Re 4f

7/2

transitions as reported by Greiner, M. T9. The spacing between Re 4f 7/2 and Re 4f 5/2 peaks
was held constant to reflect spin orbit splitting of 2.42eV. The binding energy of the Re5+
oxidation state was taken from A. Cimino et al10. XPS peak41 software was used to plot
the XPS spectra.
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CHAPTER THREE

EXPLORATORY HYDROTHERMAL SYNTHESIS
OF RARE EARTH RHENATES
Introduction
The descriptive chemistry of rhenates is rich due to the many different oxidation
states that can be adopted by rhenium. In ternary rhenium oxides rhenium typically exhibits
oxidation states from +4 to +7. The most stable oxidation state is +7 and lower oxidation
states often tend to disproportionate yielding the +7 oxidation state and a lower state.
However, compounds containing oxidation states less than +7 are a major target since they
can often lead to interesting structures with metal-metal bonds. So synthetic methods must
be developed to grow stable phases of ternary rare earth rhenium oxides with low rhenium
oxidation numbers. Our primary interest throughout this thesis is the examination of
chemistry of rare earth ions with heavy d-block metal ions. The refractory nature of rare
earth rhenium compounds pose limitations on using conventional high temperature
techniques for the synthesis. Although traditional solid state methods have been used to
grow rare earth rhenates, they often led to formation of either small crystals or powders.1,2
Since our group had success in the past using hydrothermal methods to grow single crystals
of rare earth niobates, rare earth vanadates and rare earth titanates, a hydrothermal route
was also explored for the synthesis of the rare earth rhenates 3–6.
Several interesting rare earth rhenium compounds with different rhenium formal
oxidation states and multiple metal-metal bonds are known in literature 1,2. Few examples
are La4Re6O19 with an average rhenium oxidation state of +4.33 consisting of Re2 pairs
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with a Re-Re bond distance of 2.415 (1) Å, La3Re2O10 with an average rhenium oxidation
state of +5.5 consisting of Re2 pairs with Re-Re bond distances of 2.484 (1) Å, La3Re2O9
with an average rhenium oxidation state of +4 consisting of two different types of Re2 pairs
with Re-Re bond distances of 2.235 (2) Å and 2.456 (5) Å and Nd4Re2O11 with a rhenium
oxidation state of +5 containing Re2 pairs with Re-Re bond distances of 2.421 (1) Å.1,2,7–9
Although metal-metal boding in molecular compounds has been extensively
studied, a relatively a small number of solid-state compounds with metal-metal bonds has
been discovered and most of these compounds contain Mo or Re.10,11 The physical
properties of compounds with metal-metal bonds are expected to be different from the
compounds without metal-metal bonds. These metal bonded clusters may have interesting
magnetic properties depending on the size, shape and the number of unpaired electrons
within the cluster. Also the presence of metal-metal bonds is believed to lift the d orbital
degeneracy leading to small band gaps.11 This may have useful applications as small band
gap semiconductors, which are used as IR photodetectors for example. Oxide
semiconductors are particularly interesting than the industrially available small band gap
semiconductors such as InGaAs or PbS which are highly toxic and also susceptible to
oxidation. However, only a few studies have focused on such physical properties of the
rare earth rhenium compounds due to the lack of high quality single crystals for
measurements. The growth of rare earth rhenium compounds as high quality single crystals
will enable to understand the structure property relationships of these compounds in the
future.
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Our initial interest in rare earth-rhenium complexes started with a review of a study
on La4Re6O19 published in 1968 by Longo and Sleight 9. One interesting aspect of
La4Re6O19 is that it crystallizes in a non-centrosymmetric crystal system, with space group
I23 and therefore possess interesting properties such as optical activity and piezoelectricity,
which may lead to potential future applications. The authors grew this compound by a
hydrothermal method at 700 ⁰C. One interesting aspect of this work is that no mineralizer
was used for the reaction but relatively large crystals were still isolated. Typically for
hydrothermal reactions involving refractory metal oxides, corrosive mineralizers such as
NaOH, KOH are required to grow crystals with relatively large sizes. In this work however,
the authors grew 0.5mm size crystals in only 12 hours of reaction time just using water.
The products however are formed in somewhat low yield and contaminated by some
unknown impurity products. Despite this very promising initial result with La there has
been essentially no follow up on the other lanthanides to examine their potential for the
formation of similar Ln4Re6O19 compounds or other similarly interesting structures. So we
were interested in investigating the behavior of the other rare earth elements to see if they
could also form unusual oxides with rhenium.
To repeat the original work a 1: 3 La2O3:ReO2 ratio was used since this represent
the La: Re ratio in the target compound. ReO2 was used instead of ReO3 to get a better
purity of the target material since the average oxidation state per rhenium in La4Re6O19 is
+4.33. Similar to the original work, deionized water was used as the reaction fluid with no
added mineralizer, and the reaction was run under hydrothermal conditions at 650 ⁰C for 7
days. The temperature was reduced from 700 ⁰C to 650 ⁰C since the lower temperatures
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typically result better quality crystals with a better purity. However, after 7 days of reaction
time the product still consisted mainly of unreacted starting materials and very small
crystals. The size of the crystals were not sufficient for single crystal X-ray
characterizations. So the reaction time period was extended for 14 days. After 14 days of
reaction time well grown (0.5-1 mm) black color single crystals of La4Re6O19 were isolated
after filtration of the product. The same synthetic approach was used for other rare earth
oxides with 1:3 Ln2O3:ReO2 ratio and then this was further extended to different
Ln2O3:ReO2 ratios. Interestingly this synthetic approach led to the formation of some other
analogues of Ln4Re6O19 phase and a range of other products some of which are reported in
literature and some are new. Also in this study a novel Re-O cluster (Re4O16) which is not
previously reported in literature was identified. The structural details and characterizations
of these compounds will be discussed below.
Some content in this chapter were adapted from the original work Kolambage, M. T.,
McMillen, C. D., McGuire, M. A., Sanjeewa, L. D., Ivey, K., Wen, Y.,& Kolis, J. W.
(2019). Hydrothermal synthesis of lanthanide rhenium oxides: Structures and magnetism
of Ln2Re2O7 (OH)(Ln= Pr, Nd) and Ln4Re2O11 (Ln= Eu, Tb). Journal of Solid State
Chemistry, 275, 149-158 12.
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Experimental Methods for Rare-Earth Rhenates
In this study all the rare earth rhenium compounds were synthesized by using high
temperature high pressure hydrothermal method without using a mineralizer. All the
hydrothermal synthesis reactions were carried out at 650 °C for 14 days using 2.5 in. long
silver ampoules with outer diameters of ¼ in. In these ampoules 60% of the total were
filled with 0.15-0.2 g of reactants with 0.4ml of deionized water. The ampoules were
welded and placed in a Tuttle-seal autoclave and reacted as described in the experimental
chapter. The reaction time was chosen as 14 days in all the reactions since shorter reaction
times resulted poor crystallization of the material. Deionized water was used instead of a
mineralizer since use of mineralizers (ex: NaOH, KOH, CsF, CsOH) always resulted poor
crystallinity or unreacted powders as final products. Specific synthetic details on different
rare earth oxide: ReO2 ratios are described below.
As a specific example Pr2Re2O7(OH) was grown using a reaction between Pr2O3
and ReO2 in a molar ratio of 1:3. A total of 0.15 g of reactants (Pr2O3: 0.0500 g; ReO2:
0.1000 g) were loaded with 0.4 mL of deionized water into the silver tubes. Similar
reactions with other rare-earth ions (La-Lu) were carried out in a similar fashion using the
appropriate amount of rare earth oxide and ReO2 as starting materials in a similar 1:3 molar
ratio. A reaction summary of the reactions with 1:3 ratio of Ln2O3 and ReO2 is given below.
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La2O3 + 3ReO2  La4Re6O19

H2O/650˚C

Eq. 1

Ln2O3 + 3ReO2  Ln2Re2O7(OH), (Ln = Pr, Nd,)

H2O/650˚C

Eq. 2

Ln2O3 + 3ReO2  Ln4Re2O11 (Ln = Sm-Tb)

H2O/650˚C

Eq. 3

Ln2O3 + 3ReO2  La5Re2O12 + ReO2 (Ln = Dy-Lu)

H2O/650˚C

Eq. 4

The reaction of Ln2O3 (Ln = La-Yb) and ReO2 in 1:3 ratio yielded four different
phases. From the reaction between La2O3 and ReO2, La4Re6O19 was isolated as black single
crystals (~0.5 -1.5mm) as the only product , whereas Pr and Nd lead to the novel
Ln2Re2O7(OH) compounds(~0.1mm, Figure 3.1a and b) as the only product. Reactions
between Ln2O3 (Ln = Sm-Eu) and ReO2 yielded black color column shaped single crystals
of Ln4Re2O11 phase (size 0.1-2mm, Figure 3.1c) as the only product, and the smaller
lanthanides (Ln = Dy-Lu) yielded black powders that match monoclinic Ln5Re2O12 phase
and a small amount of unreacted ReO2, Figure 3.2. It is important to mention that the
obtained powder patterns initially matched with a monoclinic Ln2ReO5 phase as well with
monoclinic Ln5Re2O12 phase. Both these phases have very similar powder diffraction
patterns as shown in Figure 3.2. In the powder database monoclinic Lu2ReO5 phase is
reported in space group P21/n with the unit cell a = 7.345 Å, b = 5.586 Å, c = 12.151 Å
with a β angle of 107.5⁰. These unit cell parameters are similar to the ɣ-Ln2ReO5 phase
initially reported by Muller and Roy in 1969

13

. However, more recent publications

speculate that the correct composition for the monoclinic Ln2ReO5 phase could be
Ln5Re2O12.14,15 In this study we matched our resulted powder patterns of the small size
rare earth ions (Dy-Lu) with both monoclinic Lu2ReO5 and also with the monoclinic
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Yb5Re2O12 phase. In Muller’s paper however, it is reported that the true crystallographic
symmetry for the monoclinic Ln2ReO5 phase is somewhat uncertain.13 Therefore we
believe the correct composition is Ln5Re2O12.
Considering the richness of the chemistry with 1:3 ratio of Ln2O3:ReO2, we were
interested in investigating the effect of excess Ln2 O3 in the reaction medium, in this case
3:1. Interestingly, this process also led to the identification of some novel rhenium
compounds that are significantly different from the 1:3 ratio. A reaction summary of the
reactions with 3:1 ratio of Ln2O3 and ReO2 is given below.
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3La2O3 + ReO2  La3Re2O10

H2O/650˚C

Eq. 5

3Ln2O3 + ReO2  Ln4Re2O11, (Ln = Pr, Nd, Sm)

H2O/650˚C

Eq. 6

3Ln2O3 + ReO2  Ln3ReO7 (Ln = Gd, Tb)

H2O/650˚C

Eq. 7

3Ln2O3 + ReO2  LnOOH (Ln = Dy-Tm)

H2O/650˚C

Eq. 8

3Ln2O3 + ReO2  Ln6ReO12 (Ln = Yb, Lu)

H2O/650˚C

Eq. 9

The rare earth oxides Ln2O3 (Ln = La-Lu) were reacted with ReO2 in a 3:1 ratio under
hydrothermal conditions again with no added mineralizer.. For example single crystals of
Gd3ReO7 were synthesized using a reaction between 0.1666g of Gd2O3 and 0.0334g of
ReO2 with water as the only mineralizer. After 14 days of reaction time the reactions
between La2O3 with ReO2 in 3:1 ratio resulted black color block shaped single crystals of
La3Re2O10. The reaction between Ln2O3 (Ln = Pr and Nd) and ReO2 in a similar ratio
yielded black columnar single crystals of Pr4Re2O11 and Nd4Re2O11. Use of Sm2O3 yielded
crystalline powders that match the XRD pattern of the known Sm4Re2O11 phase. Reactions
with Gd and Tb produced black color columnar single crystals of Gd 3ReO7 and Tb3ReO7
(size~ 0.2-0.5mm) along with some GdO(OH) and Tb(OH)3, respectively. Use of excessive
amounts of Ln2O3 in these reactions yielded many small single crystals of LnOOH and
Ln(OH)3 (~60%) along with Ln3ReO7 single crystals (~40%). The reactions between Ln2O3
(Ln = Eu, Dy-Tm) and ReO2 in 3:1 ratio only resulted LnOOH as the product. This is not
surprising as we used excessive amount of Ln2O3 in these reactions. However the reaction
between Ln2O3 (Ln =Yb and Lu) and ReO2 yielded small single crystals (size~0.05-
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0.1mm) of Yb6ReO12 and Lu6ReO12, respectively, along with LnOOH and Ln5Re2O12
powder.
The results obtained through these different stoichiometric ratios motivated us to
continue investigations on this system with other stoichiometric ratios. For example 1:1
ratio of Ln2O3:ReO2 was investigated across the f block series. The results obtained are
summarized below.

La2O3 + ReO2  La2ReO5

H2O/650˚C

Eq. 10

Ln2O3 + ReO2  Ln3Re2O9 + Ln4Re2O11, (Ln = Pr, Nd)

H2O/650˚C

Eq. 11

Ln2O3 + ReO2  Ln2ReO5 + Ln4Re2O11 (Ln = Sm)

H2O/650˚C

Eq. 12

Ln2O3 + ReO2  Ln2ReO5 (Ln = Eu, Gd)

H2O/650˚C

Eq. 13

Ln2O3 + ReO2  Ln3ReO7 (Ln = Tb)

H2O/650˚C

Eq. 14

Ln2O3 + ReO2  Ln5Re2O12 (Ln = Dy-Lu)

H2O/650˚C

Eq. 15

Single crystals of La2ReO5 was obtained by using 1:1 ratio of Ln2O3 and ReO2 with water
as the only mineralizer. As an example 0.1198g of La2O3 was reacted with 0.0802g of ReO2
in the presence of deionized water. After 14 days of reaction time well grown black color
column shaped single crystals (size~0.2mm) of La2ReO5 were isolated from the La
reaction. Similar reactions with Pr and Nd resulted mixtures of Ln3Re2O9 (yield~%10) and
Ln4Re2O11 (Ln = Pr, Nd) (yield~%50) phases as black color single crystals. The reaction
with Sm yielded single crystals of Sm2 ReO5 phase (~40%) with a minor amount (20%) of
the Sm4Re2O11 phase. Reactions with 1:1 ratio of Ln2O3 and ReO2 using Eu and Gd yielded
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single crystals of Ln2ReO5 phase (size~0.2mm, yield~30%). Similar reactions with Tb
however, yielded single crystals of the same monoclinic Tb3ReO7 phase that was obtained
in the 3:1 Tb4O7: ReO2 reaction. Reactions with the small size rare-earth ions from Dy-Lu
yielded powders that matched with a powder pattern of monoclinic Ln5Re2O12 phase in the
powder X-ray diffraction database. It is important to note the difference between the
powder patterns obtained for 1:3 ratio (Figure 3.2) and 1:1 ratio (Figure 3.3) of Ln2O3:
ReO2. While excess ReO2 (1:3 ratio) resulted in a mixture of Ln5Re2O12 and ReO2 as the
product, a 1:1 ratio resulted Ln5Re2O12 as the only product.
Some other reactions were carried out with BaO to see if it’s possible to incorporate
a divalent alkaline earth ion to the structure. However, no incorporation of Ba was observed
with 1:1:1 ratio of BaO:ReO2:Ln2O3. However, the addition of BaO to the reaction medium
produced different results relative to 1:1 ratio of Ln2O3:ReO2. The role of the BaO in
inducing formation of is not known at this stage except to increase the basicity of the
growth fluid slightly. A summary of the reactions carried out with 1:1:1 ratio of BaO: ReO2:
Ln2O3 is given below.

BaO + La2O3 + ReO2  La2ReO5

H2O/650˚C

Eq. 15

BaO + Ln2O3 + ReO2  Ln2ReO5 + Ln4Re2O11, (Ln = Pr, Nd, Sm)
H2O/650˚C

Eq. 16

BaO + Ln2O3 + ReO2  Ln2ReO5 (Ln = Eu)

H2O/650˚C

Eq. 17

BaO + Ln2O3 + ReO2  Ln5Re2O12 (Ln = Gd-Lu)

H2O/650˚C

Eq. 18
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For example for the 1:1:1: BaO :ReO2 :Pr2O3 reaction 0.0437g of BaO, 0.0941g of Pr2O3
and 0.0622g of ReO2 were used with 0.4ml of deionized water. While the reaction with La
produced 0.2mm size black color single crystals as the major product, 1:1:1 ratio of
BaO:Ln2O3:ReO2 (Ln = Pr, Nd), produced a mixture of black color column shaped single
crystals of Ln2ReO5 along with single crystals of Ln4Re2O11 phase in approximately equal
amounts. The reaction with Eu yielded black color single crystals of Eu 2ReO5 as the only
product and the reactions with Gd-Lu yielded powders of Ln5Re2O12 phase.
Since we did not observe the formation of Ln4Re6 O19 phase with other lanthanides
except with La, we thought about further increasing the ReO 2 content in the reaction
medium. 1:5 and 1:7 ratios of Ln2O3: ReO2 (Ln = La, Pr and Nd) was analyzed in this
regard. As an example for the 1:5 reaction with La, 0.0460g of La2O3 and 0.1540g of ReO2
was used with 0.4ml of deionized water. Interestingly 1:5 ratio yielded single crystals of
Pr4Re6O19 (~30%), Pr2Re2O7OH (~10%) with excess ReO2. Similar reaction with La also
produced single crystals of La4Re6O19 (~50%) with excess ReO2. However, reaction with
Nd produced single crystals of Nd2Re2O7OH (~20%) along with excess ReO2 powder.
Interestingly, when further increasing the Re content to 1:7 Nd2O3: ReO2, Nd4Re6O19
crystallized as good quality single crystals. This reaction was carried out with 0.0361g of
Nd2O3 and 0.1639g of ReO2 with 0.4ml of deionized water. After the reaction time crystals
of Nd4Re6O19 (~30%) was obtained along with excess ReO2 powder. With 1:7 ratio La
produced single crystals of La4Re6O19 (20%) with excess ReO2, while Pr resulted a mixture
of black color single crystals of Pr 3Re2O9 (~10%) and Pr2Re2O7OH (~5%) with excess
ReO2.
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La2O3 + 5ReO2  La4Re6O19 +ReO2

H2O/650˚C

Eq. 19

Pr2O3 + 5ReO2  Pr4Re6O19 + Pr2Re2O7OH+ReO2

H2O/650˚C

Eq. 20

Nd2O3 + 5ReO2  Nd2Re2O7OH+ReO2

H2O/650˚C

Eq.. 21

La2O3 + 7ReO2  La4Re6O19+ReO2

H2O/650˚C

Eq. 22

Pr2O3 + 7ReO2  Pr3Re2O9 + Pr2Re2O7OH+ReO2

H2O/650˚C

Eq. 23

Nd2O3 + 7ReO2  Nd4Re6O19+ReO2

H2O/650˚C

Eq. 24
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Figure 3.1. Hydrothermally grown Pr2Re2O7(OH) (a), Nd2Re2O7(OH) (b) and Tb4Re2O11
(c) single crystals.
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Figure 3.2: Powder X-ray diffraction patterns of the 1:3 reactions between Ln2O3 and
ReO2 (Ln = Dy-Lu); (a) Reported powder pattern for orthorhombic ReO2 , (b) Reported
powder pattern for the monoclinic Lu2ReO5 (PDF-00-042-0116), (c) Reported powder
pattern for the monoclinic Yb5Re2O12, ICSD code 280143, (d - g) observed powder patterns
for a 1:3 reaction between Ln2O3 and ReO2, where Ln = Dy, Ho, Er, Tm, Yb and Lu
respectively.
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Figure 3.3: Powder X-ray diffraction patterns of the 1:1 reactions between Ln2O3 and ReO2
(Ln = Dy-Lu); (a) Reported powder pattern for the Tm5Re2O12 phase (ICSD-280143) (b g) observed powder patterns for 1:1 reaction between Ln2O3 and ReO2 where Ln = Dy, Ho,
Er, Tm, Yb and Lu, respectively.
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Crystal Structure of Ln2Re2O7(OH), (Ln = Pr and Nd)
The Ln2Re2O7(OH), (Ln = Pr and Nd) are new compounds that are isostructural and
crystallize in the triclinic space group P-1(no. 2). The crystallographic parameters for
Pr2Re2O7(OH) are given in Table 3.1and Table 3.2, and this representative structure will
be discussed in detail below.
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Table 3.1. Crystallographic data of Ln2Re2O7(OH) (Ln = Pr and Nd)
empirical formula
FW
crystal system
crystal dimension, mm
space group, Z
T, K
a, Å
b, Å
c, Å
α, ⁰
β, °
ɣ, ⁰
V, Å3
dcalc, g cm-3
μ (Mo Kα), mm-1
Tmin
Tmax
2θ range
Reflections collected
Unique reflections
Observed reflections
(I>2σ(I))
No. of Restraints
No. of Parameters
final R [I> 2σ(I)] R1,
wR2
final R (all data) R1,
wR2
GoF
largest diff. peak/hole,
e/ Å3

Pr2Re2O7(OH)
783.23
triclinic
0.065x 0.056x 0.051
P-1 (no. 2), 2
299(2)
6.9112(4)
7.0205(4)
7.4110(4)
109.484(2)
114.712(2)
93.152(2)
299.90(3)
8.673
56.192
0.121
0.162
3.16-27.481
17836
1373

Nd2Re2O7(OH)
789.89
triclinic
0.075x 0.068x 0.061
P-1 (no. 2), 2
299(2)
6.8795(3)
6.9904(3)
7.3811(3)
109.4950(10)
114.5900(10)
93.226(2)
296.27(2)
8.854
57.960
0.098
0.126
3.175- 26.499
12627
1226

1345

1176

1
114

1
114

0.0165/0.0362

0.0174/ 0.0389

0.0173/0.0364

0.0190/ 0.0393

1.209

1.233

0.0529/0.0998

1.367 /-1.319
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Table 3.2. Selected interatomic distances of Ln2Re2O7(OH) (Ln = Pr and Nd).
Re(1)
Re(1)−O(1)
Re(1)−O(2)
Re(1)−O(3)
Re(1)−O(4)
Re(1)−O(5)
Re(1)−O(6)
Re(1)−Re(2)
Re(2)
Re(2)−O(1)
Re(2)−O(2)
Re(2)−O(2)
Re(2)−O(5)
Re(2)−O(7)
Re(2)−O(8)
Pr(1)−O(1)
Pr(1)−O(3)
Pr(1)−O(4)
Pr(1)−O(5)
Pr(1)−O(6)
Pr(1)−O(7)
Pr(1)−O(7)
Pr(1)−O(8)
Pr(2)−O(1)
Pr(2)−O(2)
Pr(2)−O(3)
Pr(2)−O(4)
Pr(2)−O(4)
Pr(2)−O(5)
Pr(2)−O(6)
Pr(1)−O(7)
Pr(1)−O(8)

Pr(1)

Pr(2)

Pr2Re2O7(OH)

Nd2Re2O7(OH)

1.937(5)
2.100(4)
2.051(5)
1.994(5)
1.967(5)
1.847(5)
2.602 (3)

1.934(5)
2.104(5)
2.057(5)
1.990(5)
1.966(5)
1.849(5)
2.593(4)

2.026(5)
2.069(4)
2.103(5)
2.038(5)
1.988(4)
1.933(5)

2.022(5)
2.074(5)
2.111(5)
2.039(5)
1.985(5)
1.929(5)

2.491(4)
2.5282(5)
2.492(5)
2.418(5)
2.410(5)
2.431(5)
2.448(4)
2.374(5)

Nd(1)−O(1)
Nd(1)−O(3)
Nd(1)−O(4)
Nd(1)−O(5)
Nd(1)−O(6)
Nd(1)−O(7)
Nd(1)−O(7)
Nd(1)−O(8)

2.728(5)
2.777(4)
2.673(5)
2.366(5)
2.670(5)
2.829(4)
2.440(5)
2.500(5)
2.394(5)

Nd(1)
2.471(5)
2.500(5)
2.485(5)
2.400(5)
2.395(5)
2.408(5)
2.433(5)
2.360(5)
Nd(2)
Nd(2)−O(1) 2.731(5)
Nd(2)−O(2) 2.759 (5)
Nd(2)−O(3) 2.647(5)
Nd(2)−O(4) 2.361(5)
Nd(2)−O(4) 2.642(5)
Nd(2)−O(5) 2.816(5)
Nd(2)−O(6) 2.420(5)
Nd(2)−O(7) 2.494(5)
Nd(2)−O(8) 2.376(5)
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Table 3.3: Bond valence analysis of hydrothermally-grown Ln2Re2O7(OH) (Ln = Pr, Nd)
Re1-O1
Re1-O2
Re1-O3
Re1-O4
Re1-O5
Re1-O6
ΣRe1

Pr2Re2O7(OH) Nd2Re2O7(OH)
0.812
0.817
0.523
0.516
0.592
0.586
0.692
0.704
0.747
0.747
1.033
1.030
4.399
4.399

Re2-O1
Re2-O2
Re2-O2
Re2-O5
Re2-O7
Re2-O8
ΣRe2

0.638
0.570
0.520
0.616
0.708
0.817
3.869

0.644
0.561
0.510
0.616
0.715
0.830
3.876

Ln1-O1
Ln 1-O3
Ln 1-O4
Ln 1-O5
Ln 1-O6
Ln 1-O7
Ln 1-O7
Ln 1-O8
ΣLn1

0.385
0.350
0.386
0.469
0.481
0.454
0.433
0.539
3.497

0.387
0.355
0.369
0.468
0.472
0.454
0.426
0.519
3.449

Ln 2-O1
Ln 2-O2
Ln 2-O3
Ln 2-O4
Ln 2-O4
Ln 2-O5
Ln 2-O6
Ln 2-O7
Ln 2-O8
ΣLn2

0.203
0.178
0.233
0.539
0.237
0.154
0.443
0.374
0.502
2.863

0.190
0.176
0.236
0.519
0.243
0.151
0.441
0.360
0.497
2.812
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Figure 3.4: Projected view of Pr2Re2O7(OH) along the a-axis (a) with Re4O16 units
embedded in the voids (b). Pr atoms are shown as orange polyhedra, Re atoms as blue
polyhedra, and oxygen atoms as red spheres.
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Figure 3.5: The Re4O16 tetrameric unit. The interatomic distances of Re (1)–Re (2) are
2.5949 (3) Å and 2.6021 (3) Å, and the interatomic distance of Re (2)–Re (2) is 2.6107
(5) Å.
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Figure 3.6: View of the complex Pr‒O‒Pr lattice in Pr2Re2O7(OH). (a) The Pr‒O‒Pr
network is constructed from 2-D slabs (highlighted in green dashed lines) in the bc-plane.
(b) Polyhedral view the 2-D Pr‒O‒Pr slab. Different color intensities of polyhedra used to
point out the 1D chains. (c) Isolated Pr‒O‒Pr chains displaying the face and edged sharing
connectivity between Pr(1)O8 and Pr(2)O9 polyhedra.
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The compound Pr2Re2O7(OH) forms a 3-D framework composed of two
crystallographically distinct PrOn (n = 8 and 9) polyhedra and two unique ReO6 octahedra.
(Figure 3.4) The two Pr(1)O8 and Pr(2)O9 polyhedra form a complex 3-D structure while
the ReO6-octahedra combine to form interesting Re4O16 tetrameric units (Figure 3.5)
embedded in the voids created by the 3-D Pr‒O lattice. Both Re(1) and Re(2) in the cluster
are octahedrally coordinated and share edges to form unusual Re4O16-tetrmeric units. These
Re4-tetrameric units are two triangles sharing the same base as illustrated in Figure 3.5.
Each triangular unit is built from one Re(1)O6 and two Re(2)O6 octahedra with O(2)
creating a μ3-oxo bridging oxygen. The Re‒O bond distances vary between 1.847(5) and
2.103(5) Å for Re(1) and from 1.933 (5) and 2.103 (4) Å for Re(2), respectively. This
suggests a high level of distortion in the ReO6 octahedra.
As seen in Figure 3.6, the Pr(1)O8 and Pr(2)O9 polyhedra form 2 D slabs along caxis as highlighted in dashed green color. Figure 3.6b highlights the 2D Pr‒O‒Pr lattice
that propagates along c-axis. These 2D slabs are made from interconnected onedimensional Pr‒O‒Pr chains, Figure 3.6b and 3.6c. In the Pr‒O‒Pr chains, Pr(1)O8 and
Pr(2)O9 display an interesting connectivity as one Pr(1)O8 polyhedron connects with two
Pr(2)O9 polyhedra on opposite sides through face and edge sharing as shown in Figure
3.6c. The Pr(1)O8 polyhedra are edged shared through O(7) and O(4), and face shared
through O(1), O(5) and O(8) to each Pr(2)O9, respectively. Finally, the Pr‒O bond distance
varies from 2.374 Å to 2.829 Å in Pr2Re2O7(OH) while the Nd‒O distance varies from
2.360 Å to 2.816 Å in Nd2Re2O7(OH). These bond distances suggest the presence of Pr 3+
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and Nd3+ oxidation states in the compound and this was further confirmed by bond valence
sum calculations (Table 3.3).
To achieve charge balance the oxidation state of Re in Ln2Re2O7(OH)is assigned as
4.5. Analysis of average Re-O bond distances shows shorter Re-O bond distance for Re(1),
(1.984 Å) compared to Re(2), (2.026 Å) indicating that Re(1) has more Re 5+ character and
Re(2) has more Re4+ character. Due to the lack of bond valence data for rhenium
compounds in literature, bond valence calculations are somewhat ambigoius. Values of
both 1.86 and 1.91 have been used as the bond valence parameter in literature 16. Therefore,
bond valence parametera of 1.86 and 1.91 were used for Re(2) and Re(1), respectively
(Table 3.3).
The interatomic Re–Re distances in Pr2Re2O7(OH) and Nd2Re2O7(OH) range from 2.595
(3) to 2.611 (5) Å and 2.593 (4) to 2.608 (5) Å, respectively. Several Re-Re bond distances
in rhenium compounds with different rhenium oxidation states have been reported
previously in the literature by Jeitschko et.al.1 The observed Re–Re distances for the
Ln2Re2O7OH compounds are noticeably longer than those observed for those assigned as
direct Re–Re multiple bonds so the bonding in these clusters is probably dominated by
delocalized Re‒O interactions in comparison to direct Re–Re bonds. This is supported by
the Raman spectra as well and will be discussed in detail later on.
The presence of an OH group in the structure was suggested by underbonded
oxygen atoms in the structure and also by IR and Raman spectroscopy. It was identified
that O(3) atom is underbonded and it supported hydrogen atoms in the final
crystallographic refinements. The two O(3) atoms in the Re4O16 unit are assigned to contain
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the OH- group in the structure,, which forms a strong hydrogen bond between O(3)-H(3)--O(2). Infrared analyses of the Ln2Re2O7(OH) compounds display strong broad absorptions
near 3200cm-1, confirming the presence of OH groups in the structures. (Figure 3.7). The
presence of the hydroxide group is also supported by the Raman band at 3180 cm-1 (Figure
3.8). EDX analysis was carried out with the single crystals of Ln2Re2O7(OH) and showed
satisfactory results in terms of the elemental ratio (Figures 3.9 and 3.10). The purity of the
products were determined by PXRD (Figures 3.11). and this powder diffraction data shows
that the major product in the reactions with Pr and Nd is the Ln2Re2O7(OH) phase.
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Figure 3.7: Infrared spectrum of Pr2Re2O7(OH) and Nd2Re2O7(OH) featuring (a) the
hydroxide stretching mode at 3201 cm-1 (Pr) and 3196 cm-1 (Nd)
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Figure 3.8: Raman spectrum of Pr2Re2O7OH in the region of the hydroxide vibrations.
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Figure 3.9: EDX spectrum of Pr2Re2O7(OH).
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Figure 3.10: EDX spectrum of Nd2Re2O7(OH).
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Figure 3.11: Powder X-ray diffraction patterns of the Ln2Re2O7(OH) (Ln = Pr and Nd)
series: (a) calculated PXRD of Pr2Re2O7(OH) based on the single crystal structure; (b)
observed PXRD of Pr2Re2O7(OH); (c) observed PXRD of Nd2Re2O7(OH).
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XPS Analysis of Ln2Re2O7(OH) compounds
The oxidation states of the novel Ln2Re2O7(OH) type compounds were analyzed using Xray photoelectron spectroscopy (XPS). High energy resolution spectra were calibrated with
respect to the Re 4f 7/2 transitions as reported by Greiner.17 The spacing between Re 4f 7/2
and Re 4f 5/2 peaks was held constant to reflect spin orbit splitting of 2.42eV. The binding
energy of the Re5+ oxidation state was taken from A. Cimino et al18. In this work the authors
performed XPS on metallic rhenium and pure rhenium oxides of ReO2, ReO3 and Re2O7,
and the binding energies are plotted against the oxidation state. According to the trend, the
binding energy of Re5+ fits around 43.1eV and this value was taken as a reference for Re5+.
XPS peak41 software was used to draw the XPS spectra.
The XPS spectra obtained for Pr2Re2O7(OH) and Nd2Re2O7(OH) compounds are
shown in Figure 3.12 and 3.13 respectively. The XPS experiments performed on both
Pr2Re2O7(OH) and Nd2Re2O7(OH) compounds indicate the presence of both Re4+ and Re5+
valence states and confirm that the compounds are mixed valent. The presence of a small
amount of Re7+ oxidation state can also be seen, along with the expected Re4+ and Re5+
oxidation states. According to literature, rhenium oxides with lower rhenium oxidation
states tend to form a surface layer of ReO3 or Re2O7 oxides and hydroxides when exposed
to air. Greiner has reported similar surface oxidation processes in ReO2 and ReO3 oxides.17
For example, depth profile analysis on ReO2 has revealed the presence of approximately
2nm thick surface layer of Re2O7 and ReO3 and mixed hydroxides, while ReO3 was covered
with approximately 2nm thick surface layer of Re2O7 and hydroxides.17 To minimize any
disturbance to the underlying oxide (Ln2Re2O7(OH)), surface oxides were not removed
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prior to data collection during this study (eg: by sputtering). Therefore, it can be assumed
that in Ln2ReO7(OH) (Ln = Pr, Nd) compounds several nanometers of the surface has been
oxidized to Re2O7. However, the results do confirm that the prominent rhenium oxidation
state in the Ln2Re2O7(OH) compounds are the +4 and+5 oxidation states.
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Figure 3.12: XPS spectrum of Pr2Re2O7(OH)
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Figure 3.13: XPS spectrum of Nd2Re2O7(OH)
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Crystal Structure of Ln4Re2O11 (Ln = Eu and Tb)
The structures of Eu4Re2O11 and Tb4Re2O11 are isostructural with the reported
Ln4Me2O11 (M = Mo, Re) compounds.8,19,20 The original structure was reported for the
Nd4Re2O11 in the tetragonal space group P42/n (no.86), and powder patterns of several
other Ln4Re2O11 analogs are known (Pr, Sm)

2122

. The original powder patterns were

reported by Roy and Muller and they assigned the formulas as β-Nd2Re05.25 with no
comments as the structure. However, this formulation is now decided to be incorrect.23 The
unit cell parameters and bond distances of Tb4Re2O11 and Eu4Re2O11 are given in Table
3.4 and Table 3.5, respectively.
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Table 3.4. Crystallographic data of Ln4Re2O11 (Ln = Eu, Tb).
empirical formula
FW
crystal system
crystal dimension, mm
space group, Z
T, K
a, Å
c, Å
V, Å3
dcalc, g cm-3
μ (Mo Kα), mm-1
Tmin
Tmax
2θ range
Reflections collected
Unique reflections
Observed reflections
(I>2σ(I))
No. of Restraints
No. of Parameters
final R [I> 2σ(I)] R1,
wR2
final R (all data) R1,
wR2
GoF
largest diff. peak/hole,
e/ Å3

Eu4Re2O11
1156.24
tetragonal
0.05 x 0.04 x 0.03
P42/n (no. 86), 4
298(2)
12.5261(3)
5.5354(2)
868.52(4)
8.843
56.260
0.1862
0.2744
2.30- 26.49
6629
896
787

Tb4Re2O11
1184.08
tetragonal
0.12 x 0.04 x 0.04
P42/n (no. 86), 4
299(2)
12.4306(4)
5.4918(2)
848.59(5)
9.268
61.352
0.051
0.193
3.278- 26.471
6526
873
858

0
78
0.0191 / 0.0373

6
78
0.0211/ 0.0565

0.0256 / 0.0389

0.0216 / 0.0567

1.058
1.745 / -0.952

1.183
1.382 /-1.836

68

Table 3.5. Bond distances and angles of Ln4Re2O11 (Ln = Eu, Tb).
Eu4Re2O11
Re(1)
Re(1)−O(1)
2.133 (6)
Re(1)−O(3)
1.918 (5)
Re(1)−O(4)
1.882 (5)
Re(1)−O(5)
1.944 (6)
Re(1)−O(5)
2.023 (5)
Re(1)−O(6)
1.962 (5)
Re(1)−Re(1)
2.4165 (6)
Eu(1)
Eu(1)−O(1)
2.282 (6)
Eu (1)−O(1)
2.354 (6)
Eu (1)−O(1)
2.497 (6)
Eu (1)−O(3)
2.398 (5)
Eu (1)−O(4)
2.449 (5)
Eu (1)−O(4)
2.696 (6)
Eu (1)−O(5)
2.735 (5)
Eu (1)−O(6)
2.319 (5)
Eu(2)
Eu(2)−O(2)
2.2936 (4)
Eu (2)−O(3)
2.420 (6)
Eu (2)−O(3)
2.495 (5)
Eu (2)−O(4)
2.418 (5)
Eu (2)−O(5)
2.523 (5)
Eu (2)−O(6)
2.424 (6)
Eu (2)−O(6)
2.527 (5)
Eu (2)−O(7)
2.3024 (4)

Tb4Re2O11
Re(1)−O(1)
Re(1)−O(3)
Re(1)−O(4)
Re(1)−O(5)
Re(1)−O(5)
Re(1)−O(6)
Re(1)−Re(1)
Tb(1)
Tb(1)−O(1)
Tb (1)−O(1)
Tb (1)−O(1)
Tb (1)−O(3)
Tb (1)−O(4)
Tb (1)−O(4)
Tb (1)−O(5)
Tb (1)−O(6)
Tb(2)
Tb(2)−O(2)
Tb (2)−O(3)
Tb (2)−O(3)
Tb (2)−O(4)
Tb (2)−O(5)
Tb (2)−O(6)
Tb (2)−O(6)
Tb (2)−O(7)
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2.120(7)
1.931(6)
1.878(6)
1.942(6)
2.030(6)
1.943(6)
2.409(6)
2.258(6)
2.325(6)
2.475(6)
2.381(6)
2.416(6)
2.688(6)
2.700(6)
2.310(6)
2.2709(4)
2.388(6)
2.457(6)
2.396(6)
2.490(6)
2.393(6)
2.522(6)
2.2767(4)

The structure of Tb4Re2O11 is described in detail here. It consists of isolated Re2O10
clusters (Figure 3.14) made of edge sharing ReO6 pairs that are related by an inversion
center. These Re2O10 dimers are linked by TbO8 polyhedra by forming a three-dimensional
network, Figure 3.15a. The Re‒O bond lengths in ReO6 octahedra vary from 1.878(6) to
2.120(7) Å. The average Re-O bond distance agrees with Shannon radii for Re5+. 24 Bond
valence sum calculations were carried out to further check the oxidation state of rhenium
and they do confirm that rhenium is in +5 oxidation state, Table 3.6. Both Tb(1) and Tb(2)
are 8 coordinated with Tb(1)‒(O) distances varying from 2.258 (6) to 2.700(6), and the
Tb(2) ‒O distances vary from 2.2709 (4) to 2.522(6) Å. These eight folded Tb(1) and Tb(2)
atoms make edge sharing Tb-O-Tb chains along the c axis, Figure 3.15b and 3.15c.
In Tb4Re2O11 the two Re atoms are only 2.416(1)Å from each other, while in
Eu4Re2O11 the Re-Re distance is 2.417(6)Å. These Re‒Re distances are similar to the
observed Re‒Re double bond distances in several compounds including Nd4Re2O11
(2.42±1 Å)21, suggesting that these compounds also contain Re-Re double bonds. Raman
analysis of both Ln4Re2O11 and Ln2Re2O7OH were carried out to further confirm the
presence of the Re-Re bonds and will be discussed below. According to the literature,
rhenium compounds with small bond orders between 1.5 and 2.67 and high rhenium
oxidation states between +5.5 and +4.33 usually contain rhenium dimers with two edge
sharing octahedra. 7,9,21,22,25–28 In such compounds the Re-Re distances vary between 2.415
(1) and 2.484 (1) Å. Both Eu4Re2O11 and Tb4Re2O11 contain two edge sharing ReO6
octahedra similar to the other isostructural Ln4Re2 O11 compounds with an assigned bond

70

order of two. Rhenium compounds with higher bond orders generally contain lower
coordination numbers.22. Details on such compounds will be discussed later in this chapter.
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Figure 3.14: Re2O10 dimeric unit in Tb4Re2O11
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Figure 3.15: A projected view of Tb4Re2O11 along the c-axis; (a) packing arrangement of
Re2O10 dimers within the Tb–O framework; (b) partial framework built of Tb (1)‒O chains;
(c) partial framework built of Tb (2)‒O chains.
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Table 3.6: Bond valence analysis of hydrothermally-grown Ln4Re2O11 (Ln = Tb,Eu)
Re1-O1
Re1-O3
Re1-O4
Re1-O5
Re1-O5
Re1-O6
ΣRe1 (1.91)

Tb4Re2O11
Eu4Re2O11
0.567
0.548
0.944
0.978
1.090
1.079
0.917
0.912
0.723
0.738
0.914
0.870
5.155
5.124

Tb1-O1
Tb1-O1
Tb1-O1
Tb1-O3
Tb1-O4
Tb1-O4
Tb1-O5
Tb1-O6
ΣLn1

0.543
0.453
0.302
0.390
0.354
0.170
0.164
0.471
2.846

0.570
0.470
0.318
0.417
0.363
0.186
0.167
0.515
3.006

Tb2-O2
Tb2-O3
Tb2-O3
Tb2-O4
Tb2-O5
Tb2-O6
Tb2-O6
Tb2-O7
ΣLn2

0.524
0.382
0.317
0.374
0.290
0.377
0.266
0.516
3.047

0.552
0.393
0.321
0.394
0.297
0.388
0.294
0.539
3.179
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Raman Analysis of Ln4Re2O11 and Ln2Re2O7(OH) compounds
The Raman spectra of Tb4Re2O11 and Pr2Re2O7(OH) in the region of 100-1000 cm-1 are
shown in Figures 3.16a and 3.16b. The prominent feature of the Raman spectrum of
Tb4Re2O11 is the strong peak at 250 cm-1. The high intensity of this band suggests that it is
the symmetric Re–Re stretching mode.29 This frequency is compatible with the Re–Re
stretching vibration observed for Re3X9 (X= Cl, Br) and several of their derivatives,
Re3X9L (eg: L = P(C6H5)3, (C5H5N)3 ) which have a Re–Re bond distance of 2.48 Å and a
bond order of 2. This suggests the presence of a Re–Re double bond in Tb4Re2O11. The
weak absorption band at 503 cm-1 can be assigned as Re–O stretching vibration in Re2O10
cluster. In contrast, the Raman spectrum of Pr2Re2O7(OH), shows a strong signal at 826cm1

which can be assigned as the Re–O stretching vibration in the Re4O16 cluster.30,31 No

meaningful Re–Re stretching mode was observed at lower wavelengths. This lack of an
obvious Re-Re stretch suggests that the Re–Re interactions of these compounds are not
strong as Ln4Re2O11 (Ln = Eu, Tb) compounds. This indicates that the Re4O16 cluster in the
Ln2Re2O7(OH) series is a function of the Re-O interactions as opposed to direct Re-Re
interactions.

T
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Figure 3.16: Raman spectra of a) Tb4Re2O11, b) Pr2Re2O7(OH)
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Crystal Structure of Ln3ReO7 (Ln = Gd and Tb)
Compounds with the general formula Ln3MO7 where Ln is a lanthanide and M is a
4d or 5d transition metal such as Ru,Re,Ir,Mo,Nb,Ta have been studied extensively. 32–38.
These compounds tend to adopt closely related structures with slightly different site
symmetries. Initial work on Ln3MO7 type compounds was done by Allpress and Rossel
who report on the structural polymorphism of these compounds32,33. According to their
findings larger lanthanides of this family Pr, Nd, Sm, Eu, Gd and Tb tend to crystalize in
the Cmcm space group while the medium sized lanthanides Dy and Ho adopt the C222 1 as
a subgroup of Cmcm,38–41 and the smaller lanthanides adopt the cubic defect fluorite
structure. The structure of the Ln3MO7 compounds in Cmcm (weberite phase) consists of
corner sharing zigzag MO6 octahedra propagating parallel to the c-axis. In this structure
the MO6 chains are connected by lanthanides in two different environments, 8 coordinated
distorted pseudo cubic and 7 coordinated pentagonal bipyramids.39
In this study we report a new structure type for the compounds with general formula
Ln3ReO7 which is structurally different from the well-known weberite phase.39 The new
structure type of Ln3ReO7 reported here has a monoclinic structure with the space group
C2/m we observe that is adopted by the lanthanides Gd and Tb specifically prepared in
supercritical water. Data from single crystal structure refinements of Ln3ReO7 (Ln = Gd
and Tb) are given in Tables 3.7 and 3.8.
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Table 3.7. Crystallographic data of Ln3ReO7 (Ln = Gd and Tb)
empirical formula
FW
crystal system
crystal dimension, mm
space group, Z
T, K
a, Å
b, Å
c, Å
β, °
V, Å3
dcalc, g cm-3
μ (Mo Kα), mm-1
Tmin
Tmax
2θ range
Reflections collected
Unique reflections
Observed reflections
(I>2σ(I))
No. of Restraints
No. of Parameters
final R [I> 2σ(I)] R1,
wR2
final R (all data) R1,
wR2
GoF
largest diff. peak/hole,
e/ Å3

Gd3ReO7
769.95
monoclinic
0.05 x 0.05 x 0.03
C2/m (no.12), 2
275 (2)
12.6350 (5)
5.6620 (2)
8.5853 (3)
100.546 (2)
603.81 (4)
8.470
52.485
0.1963
0.2930
3.70-26.49
7345
687

Tb3ReO7
774.96
monoclinic
0.05 x 0.04 x 0.03
C2/m (no.12), 2
273 (2)
12.4986 (7)
5.6574 (3)
8.5392 (4)
100.271 (2)
594.13 (5)
8.664
55.562
0.1889
0.2694
3.31-30.39
3254
681

638

630

0
59

0
59

0.0181/0.0398

0.0294/0.0662

0.0214/0.0410

0.0330/0.0825

1.046

1.230

2.227/-2.016

8.377-2.501
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Table 3.8. Bond distances and angles of Ln3ReO7 (Ln = Gd and Tb)
Re(1)
Re(1)−O(3)
Re(1)−O(3)
Re(1)−O(4)
Re(1)−O(4)
Re(1)−O(5)
Re(1)−O(5)
Re(1)−Re(1)
Re(1)−Re(1)
Gd(1)−O(2)
Gd(1)−O(2)
Gd(1)−O(4)
Gd(1)−O(5)
Gd(1)−O(5)
Gd(1)−O(5)
Gd(1)−O(5)
Gd(2)−O(1)
Gd(2)−O(1)
Gd(2)−O(2)
Gd(2)−O(2)
Gd(2)−O(4)
Gd(2)−O(5)
Gd(2)−O(5)
Gd(3)−O(1)
Gd(3)−O(1)
Gd(3)−O(2)
Gd(3)−O(2)
Gd(3)−O(2)
Gd(3)−O(2)
Gd(3)−O(3)

Gd3ReO7

Tb3ReO7

1.973 (6)
1.973 (6)
2.080(5)
2.080(5)
1.912(5)
1.912(5)
2.435(1)
3.228(1)
Gd(1)
2.228 (5)
2.228 (5)
2.384 (7)
2.340 (5)
2.340 (5)
2.437 (5)
2.437 (5)
Gd(2)
2.314 (5)
2.314 (5)
2.281 (5)
2.281 (5)
2.425 (1)
2.530 (5)
2.530 (5)
Gd(3)
2.472 (5)
2.472 (5)
2.314 (5)
2.314 (5)
2.381 (5)
2.381 (5)
2.429 (7)

1.984 (1)
1.984 (1)
2.090 (1)
2.090 (1)
1.906 (1)
1.906 (1)
2.434 (2)
3.224 (2)
Tb(1)−O(2)
Tb(1)−O(2)
Tb(1)−O(4)
Tb(1)−O(5)
Tb(1)−O(5)
Tb(1)−O(5)
Tb(1)−O(5)
Tb(2)−O(1)
Tb(2)−O(1)
Tb(2)−O(2)
Tb(2)−O(2)
Tb(2)−O(4)
Tb(2)−O(5)
Tb(2)−O(5)
Tb(3)−O(1)
Tb(3)−O(1)
Tb(3)−O(2)
Tb(3)−O(2)
Tb(3)−O(2)
Tb(3)−O(2)
Tb(3)−O(3)
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Tb(1)
2.234 (1)
2.234 (1)
2.349 (2)
2.333 (1)
2.333 (1)
2.441 (2)
2.441 (2)
Tb(2)
2.286 (1)
2.286 (1)
2.259 (1)
2.259 (1)
2.404 (2)
2.516 (2)
2.516 (2)
Tb(3)
2.428 (1)
2.428 (1)
2.289 (1)
2.289 (1)
2.379 (1)
2.379 (1)
2.399 (1)

Both Gd3ReO7 and Tb3ReO7 are isostructural so only the structure of Gd3ReO7 will be
discussed in detail. The structure is a three dimensional framework consisting of ReO6
octahedra and GdO7 units. The ReO6 octahedra are slightly distorted with Re-O bond
distances ranging from 1.912(5) to 2.080(5) Å for Gd3ReO7 and from 1.906(1) to 2.090(1)
Å for Tb3ReO7. These Re-O bond lengths are comparable to the Shannon Crystal Radii
for Re5+‒O, namely 1.93Å. The bond valence sums (BVS) for rhenium were calculated
with two bond valence parameters (1.86 and 1.91) since both these parameters have been
used in literature.16 However, the bond valence parameter 1.91 gave more reasonable
values. With the parameter 1.91 bond valence sums (BVS) for rhenium is calculated as
4.94 for Gd3ReO7 and 4.89 for Tb3ReO7, which is in agreement with the formal +5
oxidation state of rhenium in these compouds, (Table 3.9).
The Re-O octahedra are connected to each other by edge sharing O(3) and O(5)
forming chains along the b-axis (Figure 3.17a). These chains consist of unusual alternating
short and long Re-Re distances, 2.434(1) and 3.228(1)Å in Gd3ReO7 and it is 2.434(2) and
3.224(2)Å in Tb3ReO7. The short Re-Re bond distance of 2.434(1) in Ln3ReO7 (Ln = Gd,
Tb) suggest the presence of Re-Re double bonds in the structure. All of the atoms including
the Re atoms, are well ordered in the structure indicating that this alternating distance is
real and not a crystallographic artifact. The seeming presence of Re-Re bonds is confirmed
by Raman studies (see below). In contrast to this new structure, the previously reported
orthorhombic structure for Ln3ReO7 consist of Re-Re chains that are corner sharing
through oxygen with each other and make zigzag chains along the c-axis (Figure 3.17b).
In the structure of Gd3ReO7 three different Gd sites are present. The Gd(1)O7 polyhedra
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form Gd-O-Gd chains along the b-axis edge shared through equatorial O(4) (Figure
3.18a). The edge sharing Re-O-Re chains are connected to the Gd–O–Gd chains by O(4)
and O(5). The Gd(1)-O-Gd(1) chains and Re-O-Re chains are alternating along the a-axis
(Figure 3.18b and c). The Gd(1)-O bond distances vary from 2.228 (5) to 2.437 (5), Gd(2)O bond distances varies from 2.281 (5) to 2.530 (5) and Gd(3)-O bond distances varies
from 2.314 (5) to 2.472 (4). In Tb3ReO7, The Tb(1)-O bond distances vary from 2.234 (1)
to 2.441 (1), Tb(2)-O bond distances vary from 2.259 (1) to 2.561 (1) and Tb(3)-O bond
distances vary from 2.289 (1) to 2.428(1). The Gd(2)O7 and Gd(3)O7 polyhedra form
dimeric units by edge sharing through O(1) (Figure 3.19a.) These dimers connect to each
other by corner sharing through O(2) to form slabs in the ab-plane (Figure 3.19a, 3.19b),
which are in turn connected to Re-O-Re chains by edge sharing oxygens. (Figure 3.19c).
We performed EDX analysis to further confirm the elemental ratios in the formula. The
EDX spectra of Gd3ReO7 and Tb3ReO7 are shown in Figures 3.20 and 3.21 respectively
and agree well with the 3:1 ratio between Ln and Re.
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Figure 3.17: (a) Re – O chains present in Gd3ReO7 synthesized in this study. These chains
propagate along the b-axis and consist of alternating short and long Re-Re distances,
2.434(1) and 3.228(1)Å (b) Re-Re chains present in previously reported orthorhombic
Gd3ReO7. These chains consist of Re-Re chains corner sharing through oxygen making
zigzag chains along the c-axis.
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Figure 3.18: The Gd(1) environment in Gd3ReO7 (a) The Gd(1)O7 polyhedra form Gd-OGd chains along the b-axis edge sharing through equatorial O(4). The edge sharing Re-ORe chains are connected to the Gd–O–Gd chains by O(4) and O(5). (b) A view of Gd(1)O-Gd(1) chains alternating with Re-O-Re chains along the b-axis (c). A view along the baxis showing the alternating Re-O-Re and Gd-O-Gd chains.
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Figure 3.19: The environment of Gd(2) and Gd(3) in Gd3ReO7. (a). A view of Gd2O12
dimeric units connected to each other by O(2) (b). A polyhedral view of a Gd-O-Gd slab
on the ab-plane constructed from Gd2O12 dimers. (c). A polyhedral view of two Gd-O-Gd
slabs. Different color intensities represent different slabs.
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Table 3.9: Bond valence analysis of hydrothermally-grown Ln3ReO7 (Ln = Gd, Tb)
Re1-O3
Re1-O3
Re1-O4
Re1-O4
Re1-O5
Re1-O5
ΣRe1 (b.v. parameter 1.91)

Gd3ReO7
0.843
0.843
0.632
0.632
0.996
0.996
4.941

Tb3ReO7
0.819
0.819
0.615
0.615
1.012
1.012
4.890

Re1-O3
Re1-O3
Re1-O4
Re1-O4
Re1-O5
Re1-O5
ΣRe1 (b.v. parameter 1.86)

0.736
0.736
0.552
0.552
0.870
0.870
4.317

0.715
0.715
0.537
0.537
0.884
0.884
4.272

Ln 1-O2
Ln 1-O2
Ln 1-O4
Ln 1-O5
Ln 1-O5
Ln 1-O5
Ln 1-O5
ΣLn1

0.644
0.644
0.422
0.475
0.475
0.366
0.366
3.393

0.633
0.633
0.464
0.485
0.485
0.362
0.362
3.425

Ln 2-O1
Ln 2-O1
Ln 2-O2
Ln 2-O2
Ln 2-O4
Ln 2-O5
Ln 2-O5
ΣLn2

0.511
0.511
0.558
0.558
0.378
0.284
0.284
3.085

0.550
0.550
0.592
0.592
0.400
0.295
0.295
3.275

Ln 3-O1
Ln 3-O1
Ln 3-O2
Ln 3-O2
Ln 3-O2
Ln 3-O2
Ln 3-O3
ΣLn3

0.333
0.333
0.511
0.511
0.425
0.425
0.374
2.912

0.375
0.375
0.545
0.545
0.428
0.428
0.405
3.103
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Figure 3.20: EDX spectrum of Gd3ReO7
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Figure 3.21: EDX spectrum of Tb3ReO7
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Figure 3.22: Powder X-ray diffraction pattern of Gd3ReO7. (a) Calculated PXRD of
Gd3ReO7 based on the single crystal structure; (b) Reported powder pattern of GdO(OH)
(card 01-075-3267); (c) observed PXRD for the 3:1 reaction between Gd2O3 and ReO2
indicating that the product is a mixture of Gd3ReO7 and GdO(OH)
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Raman spectroscopic analysis of Ln3ReO7 (Ln = Gd and Tb)
Compounds Gd3ReO7 and Tb3ReO7 were also analyzed by single crystal Raman
spectroscopy. There are no observed absorptions between 2900 – 3900 cm-1 implying the
absence of OH- groups in the structure. Figure 3.23 shows the Raman spectrum of
Tb3ReO7 in the region of 20-400 cm-1 showing a strong peak at 120cm-1. This frequency is
comparable to the Raman frequencies observed for rhenium complexes with Re-Re single
bonds. For example in Re2(CO)10 a Raman stretching vibration is observed at 128cm-1.42
So this low frequency intense Raman peak observed for Tb3ReO7 can be assigned as the
rhenium-rhenium bond stretching mode. The splitting of the peak could be resulted by the
varying Re-O bond lengths present in the structure.
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Figure 3.23: Raman spectra of Tb3ReO7 in 20-400 cm-1 region
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Crystal Structure of Ln2ReO5 (Ln = La, Pr, Nd, Sm)
Although the crystal structure of La2ReO5 and Sm2ReO5 is known in literature with the
I4/m space group for La2ReO543 and P4/n for Sm2ReO544 , the intermediate compounds
Pr2ReO5 and Nd2ReO5 have not been reported. We examine them herein to make the
connection between these two structure types. Hydrothermally grown Pr2ReO5 crystallizes
in a tetragonal I4/m space group and is isostructural with La2ReO5. The single crystal
structure of La2ReO5 was discussed previously by Walterson.43 The crystallographic data
for Pr2ReO5 is given in Tables 3.10 and 3.11. The structure of Pr2ReO5 will be discussed
here in detail. Similar to La2ReO5, the structure of Pr2ReO5 consists of isolated Re2O8
clusters of two parallel ReO4 square pyramids with a Re-Re bond distance of 2.248(1) Å
(Figure 3.24a). This Re-Re bond distance agrees well with the short Re-Re bond distance
found for Re2Cl82- ion,10 which formally contains Re3+ ions resulting quadruple bonds.
However, in Re2O8 cluster Re is in +4 oxidation state with d3 electronic configuration and
suggest a bond order of three.20
Each Re2O8 unit is either edge or corner sharing through oxygen with Pr3+ ions
(Figure 3.25a). The Re-O bond distance is at 1.922 Å and agrees with the Shannon radii
for Re4+-O.24 The oxidation state of rhenium in Pr2ReO5 was also confirmed by bond
valence sum calculations and agrees with the +4 oxidation state for rhenium, Table 3.12.
The Pr atoms are eight coordinated and form distorted cubes with Pr-O bond
distances ranging between 2.370(5) Å and 2.566(6) Å (Figure 3.25b). Each ReO4 square
prism is connected to eight PrO8 units. Four of these PrO8 units connect with rhenate square
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prisms by corner sharing (Figure 3.25c), and the other four PrO8 units connect with rhenate
square prisms by edge sharing (Figure 3.25d).
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Table 3.10. Crystallographic data of Ln2ReO5 (Ln = Pr and Nd)
empirical formula
FW
crystal system
crystal dimension, mm
space group, Z
T, K
a, Å
c, Å
V, Å3
dcalc, g cm-3
μ (Mo Kα), mm-1
Tmin
Tmax
2θ range
Reflections collected
Unique reflections
Observed reflections
(I>2σ(I))
No. of Restraints
No. of Parameters
final R [I> 2σ(I)] R1, wR2
final R (all data) R1, wR2
GoF
largest diff. peak/hole, e/
Å3

Pr2ReO5
548.03
tetragonal
0.12 x 0.11 x 0.08
I4/m (no.87), 4
299 (2)
8.8408 (3)
5.9150 (4)
462.31 (4)
7.874
46.775
0.0710
0.1176
3.26-26.41
1665
268

Nd2ReO5
554.68
tetragonal
0.03 x 0.03 x 0.03
I4/m (no.87), 4
298 (2)
8.7249 (3)
5.8178 (4)
442.87 (4)
8.319
50.274
0.2798
0.4043
3.30-30.28
2763
280

252
0
22
0.0195/0.0511
0.0206/0.052
0.945

265
12
34
0.0180/0.0426
0.0206/0.0435
1.060

6.652/-1.367

1.784/-1.112
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Table 3.11: Selected crystallographic data on Ln2ReO5 (Ln = Pr, Nd)
Pr2ReO5
Re(1)
Re(1)−O(1) x 4

1.922 (6)

Pr(1)
Pr(1)−O(2) x 2
Pr(1)−O(1) x 2
Pr(1)−O(1) x 2
Pr(1)−O(1) x 2

2.3704 (5)
2.486 (6)
2.537 (6)
2.566 (6)

Nd2ReO5
Re(1)
Re(1)−O(3) x 4

1.930 (10)

Re(2)
Re(2)−O(2) x 4

1.909(10)

Nd(1)
Nd(1)−O(1) x 2
Nd(1)−O(3)
Nd(1)−O(3)
Nd(1)−O(3)
Nd(1)−O(2)
Nd(1)−O(2)
Nd(1)−O(2)

2.3221 (4)
2.482 (10)
2.534 (10)
2.552 (10)
2.496 (10)
2.535 (10)
2.645 (10)
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The reported structures of Ln2ReO5 containing smaller rare earth elements (Sm, Eu,
Gd) are different from the structure of Ln2ReO5 (La, Pr).22,43,43 These Ln2ReO5 (Sm, Eu,
Gd) compounds crystallize in a tetragonal crystal system with space group P4/n. Although
they also contain isolated ReO8 clusters, the two ReO4 halves exist in a staggered
orientation (Figure 3.24c) in contrast to the eclipsed orientation of Ln2ReO5 (La, Pr). The
eight coordinated lanthanide ions form edge-sharing chains along the c-axis. The Re2O8
clusters are located in the channels made by these chains of lanthanide oxide chains.44
The structure obtained for Nd2ReO5 in this study however, is different from both
the larger Ln2ReO5, (Ln = La, Pr) Pr2ReO5 and the smaller Ln’2ReO5 (Ln’ = Sm, Eu, Gd)
structures and exhibits a mixture of structural properties of both these compound types.
The crystallographic data for Nd2ReO5 is given in Tables 3.10 and 3.11. The Nd2ReO5
compounds crystallizes in a tetragonal crystal system with space group I4/m similar to
Ln2ReO5 (La, Pr) but consists of Re2O8 clusters that are in a staggered orientation (Figure
3.24b) similar to Ln2ReO5 (Sm, Eu, Gd). In Nd2ReO5 the Nd ion is 8-coordinated and
forms two different types of layers with the Re2O8 clusters. These layers present on the ab
plane and the connectivity of these two different layers forms channels along the c-axis
that contain the Re2O8 clusters (Figure 3.26a). One layer is connected to the oxygen atoms
of Re1 and Re2 in the same cluster, while the other layer is formed by bridging to the
oxygen atoms of Re1 and Re2 from two different clusters. These two layers are shown in
Figures 3.26b and 3.26c. Each ReO4 square prism is connected to eight NdO8 units and
four of these units connect by edge sharing through oxygen atoms (Figure 3.26d), while
the remaining four NdO8 units are corner sharing (Figure 3.26e). This connectivity pattern
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is somewhat similar to the ReO4 connectivity seen in LnReO5 (Ln = La, Pr). However, the
layering of these two different slabs are different between Pr 2ReO5 and Nd2ReO5 due to
the staggered nature of Re2O8 clusters in Nd2ReO5 vs the eclipsed nature of Re2O8 clusters
in Pr2ReO5. Also while PrO8 polyhedra shows distorted cube shape, NdO8 polyhedra
exhibit a less regular oxygen environment with Nd-O bond distances varying from 2.322
(4)- 2.645 (10) Å.
While the Re2O8 cluster in Nd2ReO5 looks similar to Sm2ReO5 (Figure 3.34 b and
c), the two structures are not isostructural since Nd2ReO5 crystallize in body centered I4/m
space group while Sm2 ReO5 crystallize in primitive P4/n space group. 44 The positions of
rare earth ions and Re ions in these two structures are very different. In Sm2ReO5 the eight
coordinated Sm ions exists in distorted quadratic antiprismatic geometry. It can be seen
that structure of Nd2ReO5 exhibit some similarities with the La2ReO5 compounds but it
also shows certain differences with these two structure types, which makes it unique
structure in the Ln2ReO5 family of compounds.
All the Re1-O(3) bond distances in Nd2ReO5 are 1.930(10) Å and the Re(2)-O(2)
bond distances are 1.909(10) Å, in agreement with the Shannon radii of Re4+-O 24. The NdO bond distances vary between 2.322 (4) and 2.645 (10) Å resulting distorted polyhedra.
The Re1-Re2 bond distance is 2.260 (1) Å and suggest strong Re-Re multiple bond such
as a triple or a quadruple bond according to literature.22.For La2ReO5, the reported Re-Re
bond distance in literature is 2.262 Å. For Sm2ReO5, Eu2ReO5 and Gd2ReO5 the reported
Re-Re bond distances are 2.251 (1) Å. 2.257 (1) Å, 2.245 Å respectively. 20,43,44 These bond
distances are similar to the bond lengths we observed in this study for Pr2ReO5 and
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Nd2ReO5 compounds. A survey of Re-Re bond distances in compounds with different
rhenium oxidation states has been reported in the literature by Jeitschko et.al.20 In this
report it is mentioned that Re2 pairs with higher bond orders result lower coordination
numbers. This is indeed true for this class of compounds including the new members of
this family; Pr2ReO5 and Nd2ReO5 since both these compounds consist of square prisms
and antiprisms with high bond orders. Energy dispersive X-ray spectroscopy (EDX) was
also carried out to confirm the elemental ratios in Nd2ReO5 and Pr2ReO5 and this supports
the 2:1 ratio between Ln and Re, Figure 3.27 and 3.28.
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Figure 3.24 : Re2O8 clusters in different Ln2ReO5 compounds ; (a) the Re2O8 cluster in
La2ReO5 and Pr2ReO5 showing the eclipsed orientation of the ReO4 units (b) the Re2O8
cluster in Nd2ReO5 showing the staggered orientation of ReO4 units (c) the Re2O8 cluster
in other Ln2ReO5 (Ln = Sm, Eu, Gd) showing the staggered orientation of the ReO 4 units.
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Figure 3.25: (a). Connectivity of PrO8 units with Re2O8 clusters in Pr2ReO5 (b) PrO8
distorted cubes (c) Connectivity of ReO4 square prism with four PrO8 units by corner
sharing through oxygen (d) Connectivity of same ReO4 square prism with four other PrO8
units by edge sharing through oxygen
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Figure 3.26: Projected views of Nd2ReO5 (a) A view of Nd2ReO5 showing that the Re2O8
clusters exist within the channels created by the Nd layers (b) and (c) Two different Nd
layers in Nd2ReO5 (d) Connectivity of a Re(1)O4 square prism with four NdO8 units by
edge sharing through oxygen (e) Connectivity of the same Re(1)O4 square prism with four
NdO8 units by corner sharing through oxygen
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Table 3.12: Bond valence analysis of hydrothermally-grown Pr2ReO5 and Nd2ReO5
Pr2ReO5
Re(1)-O(1) x 4
ΣRe1 (b.v. parameter 1.91)

3.872
3.872

Ln (1)-O(1) x 2
Ln (1)-O(1) x 2
Ln (1)-O(1) x 2
Ln (1)-O(2) x 2
ΣLn1

0.776
0.675
0.625
1.059
3.134

Nd2ReO5
Re(1)-O(3) x 4
ΣRe1 (b.v. parameter 1.91)

3.795
3.795

Re(2)-O(2) x 4
ΣRe1 (b.v. parameter 1.91)

4.014
4.014

Ln (1)-O(1) x 2
Ln (1)-O(2)
Ln (1)-O(2)
Ln (1)-O(2)
Ln (1)-O(3)
Ln (1)-O(3)
Ln (1)-O(3)
ΣLn1

1.149
0.323
0.359
0.240
0.373
0.324
0.309
3.078
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Figure 3.27: EDX spectrum of Nd2ReO5
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Figure 3.28: EDX spectrum of Pr2ReO5
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XPS analysis of Ln3ReO7 and Ln2ReO5
XPS spectra obtained for Gd3ReO7, Tb3ReO7 and Nd2ReO5 compounds are shown
in Figure 29, 30, 31 respectively. The binding energies corresponding to the Re 4f

7/2

transitions of these compounds are shown along with each spectrum. The XPS spectra of
both Tb3ReO7 and Gd3ReO7 compounds indicate the presence of a small amount Re6+ ions,
along with the expected Re5+ valence state. In the case of Ln2Re2O7OH compounds we
observed the presence of Re7+ along with the expected +4 and +5 oxidation states. The
analysis of Ln3ReO7 and Ln2ReO5 compounds further shows the tendency of Rhenium +4
and +5 oxidation states to oxidize into +6 and +7 oxidation states when exposed to air.17
To prevent any disturbance to the underlying oxide (Ln3ReO7), surface oxides were not
removed prior to data collection during this study (eg: by sputtering). Therefore, it can be
assumed that in Ln3ReO7 (Ln = Gd, Tb) compounds several nanometers of the surface has
been oxidized to ReO3. However, the results confirm that the prominent rhenium oxidation
state in Ln3ReO7 compounds is the +5 oxidation state. Similar XPS experiments on
Nd2ReO5 samples show the presence of more Re6+ compared to Re4+. It can be assumed
that the thickness of the surface ReO3 layer is larger for the Nd2ReO5 crystals. It should be
noted that the Nd2ReO5 single crystals used in this experiment were several months older
than the Gd3ReO7 or the Tb3ReO7 samples. Therefore a greater degree of surface oxidation
is possible for Nd2ReO5.
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Figure 3.29: XPS spectrum of Gd3ReO7
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Figure 3.30: XPS spectrum of Tb3ReO7
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Figure 3.31: XPS spectrum of Nd2ReO5
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Crystal Structure of Ln6ReO12 (Ln = Yb and Lu)
Several Ln6MO12 compounds (Ln = Mo, W, Re, U ) with the Ln7O12 structure type
have been reported in literature, that crystalize in a rhombohedral structure with space
group R-3.45–47 However, there is only few reports on the specific Ln6ReO12 type
compounds. This phase has the Pr7O12 structure type and has previously been reported
with powder data of Ln6ReO12 (Ln = Ho-Lu) synthesized by a subsolidus reaction.45 The
In and Sc analogues of the Ln6ReO12 phase have been reported as twinned single crystals
(0.05-0.1mm), and the synthesis has been carried out by high temperature high pressure
synthesis in a girdle belt apparatus.46 In this study we were able to synthesize Yb6ReO12
and Lu6ReO12 compounds as single crystals with the Ln7O12 structure type. Unlike in
Sc6ReO12, no twinning was observed in Yb6 ReO12 or Lu6ReO12. Crystallographic data for
Yb6ReO12 and Lu6ReO12 are given in Table 3.13 and 3.14.
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Table 3.13. Crystallographic data of Ln6ReO12 (Ln = Yb and Lu)
empirical formula
FW
crystal system
crystal dimension,
mm
space group, Z
T, K
a, Å
c, Å
V, Å3
dcalc, g cm-3
μ (Mo Kα), mm-1
Tmin
Tmax
2θ range
Reflections
collected
Unique reflections
Observed
reflections
(I>2σ(I))
No. of Restraints
No. of Parameters
final R [I> 2σ(I)]
R1, wR2
final R (all data)
R1, wR2
GoF
largest diff.
peak/hole, e/ Å3

Yb6ReO12
1416.45
trigonal

Lu6ReO12
1428.02
trigonal

0.03 x 0.03 x 0.03

0.04 x 0.04 x 0.03

R-3 (No. 148), 3
297 (2)
9.6372 (2)
9.1728 (3)
737.79 (3)
9.564
68.755
0.2244
0.2680
4.23-30.45

R-3 (No. 148), 3
297 (2)
9.6209 (4)
9.1288 (7)
731.77 (7)
9.721
72.519
0.1595
0.2196
4.24- 30.42

25168

2465

380

214

366

204

0
31

12
31

0.0358/0.0896

0.0385, 0.0934

0.0367/0.0907

0.0424, 0.0943

1.262

1.417

5.596/-4.805

3.320/-3.937
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Table 3.14: Selected crystallographic data on Ln6ReO12 (Ln = Yb, Lu)
Re(1)
Re(1)−O(1) x 6
Yb(1)-O(1)
Yb(1)-O(1)
Yb(1)-O(1)
Yb(1)-O(2)
Yb(1)-O(2)
Yb(1)-O(2)
Yb(1)-O(2)

Yb6ReO12

Lu6ReO12

1.925 (10)

1.939 (10)

2.307 (9)
2.400 (10)
2.611 (10)
2.144 (9)
2.203 (9)
2.238 (9)
2.269 (11)

Lu(1)-O(1)
Lu(1)-O(1)
Lu(1)-O(1)
Lu(1)-O(2)
Lu(1)-O(2)
Lu(1)-O(2)
Lu(1)-O(2)
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2.302 (9)
2.365 (9)
2.636 (9)
2.147 (9)
2.205 (9)
2.220 (9)
2.240 (10)

Compounds Yb6ReO12 and Lu6ReO12 are isostructural crystallizing in the
rhombohedral space group R-3. The structures contains isolated ReO6 units (Figure 3.32),
and seven coordinated rare earth ions, making a three dimensional network with channels
along the c-axis. The isolated ReO6 units exist inside these channels (Figure 3.33a). Six of
the LuO7 units are edge sharing and six LuO7 units are corner sharing with the ReO6
octahedra (Figure 3.33b, 3.33c). In Lu6ReO12 the Re-O bond distances are 1.939(1) Å and
the Lu-O bond distances varies from 2.147(1) Å and 2.636(1) Å. In Yb6ReO12 Re-O bond
distances are 1.925 (10) Å and the Yb-O bond distances varies from 2.144(1) Å and
2.611(1) Å, which are comparable to the Shannon crystal radii of Re6+ - O, 1.90 Å. To
further confirm the rhenium oxidation state, bond valence sum analysis was carried out.
For rhenium, 1.91 was used as the bond valence parameter as suggested by Kato et al.

16

.

The calculated valences are shown in Table 3.15 and suggest that rhenium is hexavalent.
Furthermore, energy dispersive X-ray spectroscopy (EDX) was performed to confirm the
elemental ratios in the Ln6ReO12 compounds (Figure 3.34 and 3.35) and supports the 6:1
ratio between Ln and Re.
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Figure 3.32: Structure of Lu6ReO12 with isolated ReO6 units
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Figure 3.33: The environment of Lu in Lu6ReO12 (a). Connectivity of LuO7 units with
channels along c axis (b). Connectivity of Re with six edge sharing LuO 7 units (c)
Connectivity of Re with six corner sharing LuO7 units.
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Table 3.15: Bond valence analysis of hydrothermally-grown Ln6ReO12 (Ln = Yb, Lu)
Re(1)-O(1)x 6
ΣRe1

Yb6ReO12
5.759
5.759

Lu6ReO12
5.546
5.546

Ln(1)-O(1)
Ln(1)-O(1)
Ln(1)-O(1)
Ln(1)-O(2)
Ln(1)-O(2)
Ln(1)-O(2)
Ln(1)-O(2)
ΣLn1

0.397
0.308
0.174
0.616
0.525
0.478
0.439
2.939

0.408
0.345
0.166
0.622
0.531
0.511
0.484
3.067
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Figure 3.34: EDX spectrum of Yb6ReO12
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Figure 3.35: EDX spectrum of Lu6ReO12
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Crystal structure of Ln3Re2O9 (Ln = Pr, Nd)
The structure for the compounds of Ln3Re2O9 type was first reported for La in
1978.28 In this study single crystals of La3Re2O9 were obtained by solid state synthetic
methods. The only other compound reported with this structure type previously is
Sm3Re2O9,

20

as a powder. In the same paper authors reported the synthesis of Pr3Re2O9

and Nd3Re2O9 as powders, however they report no structural data. In this study Pr and Nd
analogues of this structure type were obtained as single crystals from the 1:1 ratio of Ln2O3
and ReO2. As discussed in the experimental section, the products were a mixture of
Ln3ReO9 and Ln4Re2O11 phases. The crystallographic data of Pr3Re2O9 and Nd3Re2O9 is
presented in Table 3.16 and 3.17.
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Table 3.16. Crystallographic data of Ln3Re2O9 (Ln = Pr, Nd)
empirical formula
FW
crystal system
crystal dimension,
mm
space group, Z
T, K
a, Å
b, Å
c, Å
α, ⁰
β, °
ɣ, ⁰
V, Å3
dcalc, g cm-3
μ (Mo Kα), mm-1
Tmin
Tmax
2θ range
Reflections
collected
Unique reflections
Observed
reflections
(I>2σ(I))
No. of Restraints
No. of Parameters
final R [I> 2σ(I)]
R1, wR2
final R (all data)
R1, wR2
GoF
largest diff.
peak/hole, e/ Å3

Pr3Re2O9
939.13
triclinic

Nd3Re2O9
949.12
triclinic

0.054 x 0.052 x 0.042

0.034 x 0.034 x 0.022

P-1 (no 2), 2
297(2)
5.6054(3)
6.8130(4)
11.0223(6)
77.002(2)
75.552(2)
69.067(2)
376.41(4)
8.286
51.111
0.5307
0.7461
3.238-26.489

P-1 (no 2), 2
273(2)
5.5743(3)
6.7990(3)
10.9737(4)
76.846(2)
75.537(2)
68.869(2)
371.26(3)
8.490
53.112
0.5178
0.7461
3.250-30.522

7359

13371

1545

2214

1424

1944

6
128

6
128

0.0190/ 0.0361

0.0234/ 0.0367

0.0229/ 0.0369

0.0324/ 0.0381

1.028

1.077

1.252/ -1.499

1.966/ -1.945
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Table 3.17: Selected crystallographic data on Ln3Re2O9 (Ln = Pr, Nd)
Re (1)−O (7)
Re (1)−O (4)
Re (1)−O (1)
Re (1)−O (3)
Re (1)−Re (1)

Pr3Re2O9
1.905 (5)
1.920 (5)
1.928 (5)
1.919 (5)
2.256 (1)

Nd3Re2O9
1.898 (4)
1.911 (4)
1.918 (5)
1.927 (4)
2.254 (1)

Re (2)−O (9)
Re (2)−O (8)
Re (2)−O (5)
Re (2)−O (2)
Re (2)−O (6)
Re (2)−O (6)
Re (2)−Re (2)

1.889 (6)
1.911 (6)
1.976 (5)
1.978 (5)
2.013 (5)
2.015 (5)
2.430 (1)

1.880 (5)
1.938 (4)
1.965 (4)
1.987 (4)
2.012 (4)
2.015 (4)
2.427 (1)

Ln (1)−O (5)
Ln (1)−O (5)
Ln (1)−O (2)
Ln (1)−O (9)
Ln (1)−O (4)
Ln (1)−O (8)
Ln (1)−O (3)
Ln (1)−O (6)
Ln (1)−O (9)

2.376 (5)
2.400 (5)
2.454 (5)
2.492 (5)
2.525 (5)
2.593 (5)
2.543 (5)
2.779 (5)
2.815 (5)

2.355 (4)
2.416 (5)
2.444 (5)
2.467 (5)
2.495 (4)
2.516 (4)
2.522 (4)
2.728 (5)
2.960 (5)

Ln (2)−O (2)
Ln (2)−O (3)
Ln (2)−O (1)
Ln (2)−O (7)
Ln (2)−O (1)
Ln (2)−O (7)
Ln (2)−O (8)
Ln (2)−O (4)

2.393 (5)
2.430 (5)
2.459 (5)
2.488 (6)
2.507 (5)
2.609 (5)
2.592 (5)
2.673 (5)

2.353 (4)
2.400 (4)
2.422 (4)
2.490 (4)
2.512 (5)
2.569 (5)
2.570 (4)
2.695 (4)

Ln (3)−O (9)
Ln (3)−O (4)
Ln (3)−O (2)
Ln (3)−O (6)
Ln (3)−O (8)
Ln (3)−O (3)
Ln (3)−O (7)
Ln (3)−O (1)
Ln (3)−O (5)

2.404 (6)
2.389 (5)
2.405 (5)
2.425 (5)
2.496 (5)
2.517 (5)
2.639 (5)
2.678 (6)
2.958 (5)

2.374 (4)
2.374 (4)
2.394 (4)
2.429 (4)
2.470 (5)
2.508 (4)
2.625 (4)
2.678 (4)
2.966 (4)
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The compounds Pr3Re2O9 and Nd3Re2O9 are isostructural to one another and to the
reported structure of Ln3Re2O9 (La, Sm). They crystallize in the triclinic space group P-1
(no.2), and the structure of Pr3Re2O9 will be discussed in detail here. The structure contains
two different types of isolated Re2 pairs, Re2O8 and Re2O10 (Figure 3.36a). The Re2O8
cluster is made up by two Re(1)O4 halves in an eclipsed orientation similar to the clusters
in Pr2ReO5. The Re(1)-O bond distance vary between 1.905 (5) and 1.919 (5) Å resulting
in distorted tetragonal prisms. The Re2O10 cluster is made up of two ReO6 octahedra edge
sharing via O(6). The Re(2)-O bond distances vary between 1.889 (6) and 2.015 (5) Å
resulting in distorted octahedra. According to bond valence sum calculations (Table 3.18),
Re(1) is in the +4 oxidation state while Re(2) is in the +5 oxidation state. The Re(1)-Re(1)
distance in the Re2O8 cluster is 2.256 (1) Å and is suggestive of a Re-Re triple bond.20 The
Re(2)-Re(2) bond distance in the Re2O10 cluster is 2.430 (1) Å suggestive of a Re-Re
double bond.20 This class of compounds is an excellent example where the Re2 pairs with
high bond orders have low coordination numbers while the Re2 pairs with low bond orders
have high coordination numbers.
In the structure of Pr3Re2O9, Pr(1)O9 and Pr(2)O8 are edge sharing via oxygen to
make slabs (Figure 3.37a). A view of one slab is shown in Figure 3.37b. These slabs are
connected to each other by Pr(3)O9 polyhedra (Figure 3.37c). The Pr-O bond length vary
between 2.376 (5) and 2.815 (5) Å for Pr(1), between 2.393 (5) and 2.673 (5) Å for Pr(2)
and between 2.404 (6) and 2.958 (5) Å for Pr(3) resulting in distorted polyhedra. Of the
three crystallographically distinct Pr ions, two Pr ions are nine coordinated and one Pr ion
is eight coordinated. In La3Re2O9 however, there are two eight coordinated La ions and one
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nine coordinated La ion,28 The reported La (2)-O distances for this structure is between
2.420 and 2.718 Å. But there is a ninth oxygen close to La (2) at 2.962 Å, which is not
much longer than the other La-O distances to make it a nine coordinated polyhedron.
However, in Sm structure, the ninth oxygen atoms make long Sm-O bonds (~ 3.02, 3.35
Å) and therefore, presence of these ninth atoms are only marginally counted.20 In the case
of Pr and Nd analogues the ninth oxygen make Ln-O bonds at more reasonable bond
lengths; 2.815 (5) and 2.958 (5) in Pr 3Re2O9, and at 2.960 (5) 2.966 (4) Å in Nd3Re2O9.
The tendency for larger coordination numbers in La, Pr and Nd analogues (compared to
Sm) can be explained as a result of their larger atomic size.
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Figure 3.36: Different views of isolated Re2 pairs in Pr3Re2O9; The unit cell of Pr3Re2O9
showing the isolated Re2O8 and Re2O10 clusters along the b-axis (b) A view of a Re2O8
cluster made up of Re(1)O4 halves. The Re(1)-Re(1) distance is 2.256 (1) Å. (c) A view of
Re2O10 cluster made up of Re(2)O6 octahedra edge sharing via O(6). The Re(2)-Re(2)
distance is 2.430 (1) Å
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Figure 3.37: The environment of Pr atoms in Pr3Re2O9; (a) Projected view of Pr-O-Pr slabs
(green) made by Pr(1)O9 and Pr(2)O8 polyhedra (b) Projected view of one slab made with
Pr(1)O9 and Pr(2)O8 polyhedra by edge sharing through oxygen (c) The slabs (in polyhedral
view) are connected to each other by Pr(3)O9 polyhedra (atomic view).
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Table 3.18: Bond valence sum analysis of Ln3Re2O9 (Pr, Nd)
Re (1)−O (7)
Re (1)−O (4)
Re (1)−O (1)
Re (1)−O (3)
ΣRe1

Pr3Re2O9
1.014
0.973
0.953
0.976
3.915

Nd3Re2O9
1.033
0.997
0.979
0.955
3.964

Re (2)−O (9)
Re (2)−O (8)
Re (2)−O (5)
Re (2)−O (2)
Re (2)−O (6)
Re (2)−O (6)
ΣRe2

1.058
0.997
0.837
0.832
0.757
0.753
5.234

1.084
0.927
0.862
0.812
0.759
0.753
5.198

Ln (1)−O (5)
Ln (1)−O (5)
Ln (1)−O (2)
Ln (1)−O (9)
Ln (1)−O (4)
Ln (1)−O (8)
Ln (1)−O (3)
Ln (1)−O (6)
Ln (1)−O (9)
ΣLn1

0.521
0.489
0.422
0.381
0.349
0.290
0.332
0.175
0.159
3.118

0.526
0.446
0.413
0.388
0.360
0.340
0.335
0.192
0.102
3.102

Ln (2)−O (2)
Ln (2)−O (3)
Ln (2)−O (1)
Ln (2)−O (7)
Ln (2)−O (1)
Ln (2)−O (7)
Ln (2)−O (8)
Ln (2)−O (4)
ΣLn2

0.498
0.451
0.417
0.385
0.366
0.278
0.291
0.234
2.918

0.528
0.465
0.439
0.365
0.344
0.295
0.294
0.210
2.940

Ln (3)−O (9)
Ln (3)−O (4)
Ln (3)−O (2)
Ln (3)−O (6)
Ln (3)−O (8)
Ln (3)−O (3)
Ln (3)−O (7)
Ln (3)−O (1)
Ln (3)−O (5)
ΣLn3

0.483
0.503
0.482
0.457
0.377
0.356
0.256
0.230
0.108
3.253

0.499
0.499
0.473
0.430
0.385
0.348
0.253
0.220
0.101
3.208
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Crystal structure of Ln4Re6O19 (Ln = Pr, Nd)
Compounds with the formula Ln4M6O19 (Ln = lanthanide, M = Re, Ru, Os) are
known to have a KSbO3 related structure type. This is the original structural type made
over 50 years ago and represent the original inspiration for this work. These compounds
are interesting as they crystallize in a non-centrosymmetric crystal system with space group
I23. This non-centrosymmetric feature in these compounds can lead to interesting
properties such as optical activity and piezoelectricity which may lead to potential future
applications. Also this type of compounds may possess interesting magnetic and electronic
properties. For example, the ruthenate analog La4 Ru6O19 displays very unusual physical
properties such as non-Fermi liquid behavior.48 To examine these potential applications,
growth of these compounds as good quality single crystals is important. However, there
are several issues that still need to be addressed related to the synthesis of this phase as
single crystals. In this study we address the issues related to the rhenate system.
The initial work on this rhenium project started with a study on La4Re6O19 that was
published in 1968 by Sleight 9. The authors were able to prepare this phase as single crystals
hydrothermally, however no follow-up hydrothermal work was one with other rare earth
ions. In this work the authors used a mixture of La2O3, ReO3 and Re and heated this
mixture to 700 ⁰C in deionized water for 12 hours. The product contained single crystals
of La4Re6O19 along with some unknown impurities. In 2006 another group has reported
solid state synthesis of Ln4Re6O16 (La, Pr, Nd) as powders by a multi-step procedure 49.
For the synthesis of La, Nd analogues the authors first synthesized Ln3ReO8 by reaction
Re2O7 and Ln2O3. Then the Ln3ReO8 phase is reacted with excess ReO2. Powders of
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Pr4Re6O19 were obtained by reducing Pr6O11 to Pr2O3 and then by reacting Pr2O3 with
ReO2. So it can be seen that previous synthesis of the Ln4Re6O19 phase often involves
multiple reactants and steps. In our study we were able to synthesize La4Re6O19, Pr4Re6O19
and Nd4Re6O19 compounds in a single step as good quality single crystals by using a
hydrothermal route. For the synthesis we only used La2O3 and ReO2 as discussed in the
experimental section. While it was possible to obtain single crystals of La4Re6O19 as a
phase pure product with 1:3, 1:5 and 1:7 Ln2O3: ReO2 ratios, Pr4Re6O19 single crystals
were obtained with 1:5 Pr2O3: ReO2 ratio along with single crystals of Pr2Re2O7OH phase.
Single crystals of Nd4Re6O19 were obtained from a 1:7 ratio of Nd2O3: ReO2. Similar to
the previous synthetic routes, 9,49 the presence of an excess amount of rhenium oxide in the
reaction medium facilitates the growth of this phase. Since the single crystal data for
La4Re6O19 is already reported, we will hereby report the single crystal data for Ln4Re6O19
(Pr, Nd). The crystallographic data for Pr4Re6O19 and Nd4Re6O19 two compounds can be
found in Table 3.19 and 3.20.
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Table 3.19. Crystallographic data of Ln4Re6O19 (Ln = Pr, Nd)
empirical formula
FW
crystal system
crystal dimension,
mm
space group, Z
T, K
a, Å
c, Å
V, Å3
dcalc, g cm-3
μ (Mo Kα), mm-1
Tmin
Tmax
2θ range
Reflections
collected
Unique reflections
Observed
reflections
(I>2σ(I))
No. of Restraints
No. of Parameters
final R [I> 2σ(I)]
R1, wR2
final R (all data)
R1, wR2
GoF
largest diff.
peak/hole, e/ Å3

Pr4Re6O19
1984.84
cubic

Nd4Re6O19
1998.16
cubic

0.065 x 0.054 x 0.048

0.045 x 0.038 x 0.032

I23 (no.197), 2
63.334
8.97350(10)
8.97350(10)
722.58(2)
9.123
63.334
0.0503
0.0998
3.211-30.474

I23 (no.197), 2
297(2)
9.03390(10)
9.03390(10)
737.27(2)
9.001
62.940
0.0452
0.0998
3.189- 26.426

14299

5701

375

261

361

261

0
25

12
25

0.0127/ 0.0222

0.0165/ 0.0438

0.0142/ 0.0225

0.0165/ 0.0438

1.139

1.275

0.781/ -0.742

1.230/ -1.732
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Table 3.20: Selected bond distances of Ln4Re6O19 (Ln = Pr, Nd)
Re (1)-O(3)x 2
Re (1)-O(3)x 2
Re (1)-O(2)x 2
Re (1)-Re (1)

Pr4Re6O19
1.972 (4)
1.984 (4)
2.012 (5)
2.409 (1)

Nd4Re6O19
1.968 (10)
1.994 (10)
1.997 (12)
2.416 (1)

Ln(1)-O(1)
Ln(1)-O(2) x 3
Ln(1)-O(3) x 3
Ln(1)-O(3) x 3

2.454 (1)
2.478 (3)
2.569 (4)
2.892 (4)

2.498 (2)
2.522 (9)
2.609 (10)
2.881 (10)
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Both Pr4Re6O19 and Nd4Re6O19 crystallize in the cubic space group I23 (no. 197)
and are isostructural with the previously reported La4Re6O19. The structure of Pr4Re6O19
for example consist of one crystallographically distinct Re ion and one crystallographically
distinct Pr ion. The Re ions are six coordinated and the Re-O bond distances vary between
1.972(4) and 2.012(5) Å resulting in distorted octahedra. The structure contains Re2O10
dimers of two edge sharing ReO6 octahedra (Figure 3.38a). These dimers are corner share
through oxygen to make a 3D network (Figure 3.38b). The Re-Re distance in this cluster
is 2.409(1) Å, in the range of a Re-Re double bond.9 The Pr atoms in Pr4Re6O19 are 10
coordinate and exist within the gaps created by Re-O-Re network (Figure 3.38c). The PrO distances vary between 2.454(1) Å and 2.892(4) Å resulting in distorted polyhedra. The
formal oxidation state of rhenium in this compound is +4.33 and therefore some electron
delocalization is likely. In La4Re6O19 the magnetic and electrical resistivities are typical of
a metal which is a result of the electron delocalization.9
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Figure 3.38: Projected views of Pr4Re6O19; (a) Unit cell of Pr4Re6O19 showing the compact
3-D framework of ReO6 octahedra. (b) A fragment of Re-O-Re network. The 3D network
is made with Re2O10 dimeric units that are corner sharing with each other through oxygen.
The Re-Re distance in Re2O10 dimer is 2.409 (1) Å. (c) A view of the 3-D structure of
Pr4Re6O19. The PrO10 polyhedra exist in the gaps created by the Re-O-Re network.
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Conclusions on Hydrothermal Rhenate Reactions
In this study a range of reactions were carried out with ReO2 and Ln2O3 in a variety
of relative stoichiometries. We performed all the reactions in high temperature
hydrothermal fluids without using any mineralizer. Deionized water was used instead of a
mineralizer since the use of mineralizers (ex: NaOH, KOH, CsF, CsOH) always resulted
poor crystallinity or unreacted powders as final products. Also the reactions were run for
14 days since shorter reaction times resulted poor crystallization of the material. These
conditions led to a range of compounds with interesting structural features. In many cases
the products form in good yield and high purity. It was observed that the crystals do not
seem to contain any metal site disorder, nonstoichiometry or lattice defects. This is
significant in that most previous work in this area employed high temperature reactions at
prolonged periods, which gave evidence of defects, site disorder and nonstoichiometry in
the resulting lattices, which had a significant effect on the physical properties.
Two new structure types were identified in this study, namely Ln2Re2O7OH (Pr,
Nd) and Ln3ReO7 (Gd, Tb). Interestingly, Ln2 Re2O7OH compounds contained novel
isolated Re4O16 type clusters. The novel Ln3ReO7 compounds showed a unique structure
different from the common weberite type Ln3ReO7 compounds. Also in this study we were
able to find some new compounds belonging to Ln4Re2O11 and Ln2ReO5 types. While the
hydrothermally grown Eu4Re2O11 and Tb4Re2O11 were isostructural with the previously
reported Ln4Re2O11 compounds, we investigated some interesting structural differences
between the hydrothermally grown Pr2ReO5 and Nd2ReO5. According to literature,
La2ReO5 and Sm2ReO5 are structurally different with ReO4 tetragonal prisms existing in
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different orientations making isolated Re2O8 clusters. While Pr2ReO5 was structurally
similar to the reported La2ReO5, structure of Nd2ReO5 showed mixed features of both
La2ReO5 and Sm2ReO5. Also in this study we obtained single crystals of Ln3Re2O9 (Pr,
Nd) type compounds and this structure type was not well known in literature previously.
No crystallographic data has been reported on Pr and Nd analogue of this structure type to
date. We were able to grow good quality single crystals of Pr and Nd analogues of this
phase and the crystallographic and structural details are discussed above.
Initial works on this rhenium study started with the goal of following up the
hydrothermal work by Longo and Sleight of the synthesis of La4Re6O19. While La4Re6O19
was obtained with 1:3 ratio of Ln2O3: ReO2, excessive amounts of ReO2 was required to
synthesize Pr4Re6O19 and Nd4Re6O19. For example 1:5 ratio of Pr2O3: ReO2 was required
to grow Pr4Re6O19 and 1:7 ratio of Nd2O3: ReO2 was required to grow Nd4Re6O19. It was
observed that the yield of Pr4Re6O19 and Nd4Re6O19 crystals was poor relative to the yield
of La4Re6O19. Also, due to the use of excess amounts of ReO2, unreacted ReO2 was always
present in the product in significant amounts. As discussed in the introduction, the noncentrosymmetric feature in Ln4Re6O19 compounds can lead to interesting properties such
as optical activity and piezoelectricity which may lead to potential future applications. Also
this type of compounds may possess interesting magnetic and electronic properties. Further
optimizing the reaction conditions to achieve better yields of this phase will help to
investigate these potential applications in the future.
Several of the synthesized compounds have strong Re-Re bonds and these are
readily identified by Raman spectroscopy. The Ln4Re2O11 and Ln4Re6O19 type compounds
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contained Re2O10 clusters with Re-Re double bonds and the Ln2ReO5 type compounds
contained isolated Re2O8 clusters with Re-Re triple bonds. The Ln3Re2O9 compounds
contained both isolated Re2O10 and Re2O8 clusters suggesting Re-Re double bonds and
triple bonds within the same structure. The compounds all contain a variety of formal Re
oxidation states and these can be unambiguously characterized using XPS measurements.
This work continues to emphasize the flexibility of rhenium as a building block in rare
earth oxides. The menu of materials is large and subtle with a wide range of new and
interesting compounds continuing to emerge. In addition the hydrothermal approach
appears to be an exceptionally versatile approach leading to large high quality single
crystals. It is clear that continued variation of stoichiometry and oxidation potential will
lead to new materials with Re-Re bonds.
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CHAPTER FOUR

HYDROTHERMAL SYNTHESIS OF RARE-EARTH
RUTHENATES
Introduction
This chapter focus on the investigation of rare-earth ruthenates that contain
interesting structural properties. In recent years metal oxides containing ruthenium have
attracted great interest due to their unusual electronic and magnetic properties. 1 For
example, Sr2RuO4 is an example of an unconventional superconductor.2 Also high Tc
itinerant ferromagnetism is observed in SrRuO3 and Sr4Ru3O10,3,4 and magnetic field
induced quantum criticality is observed in Sr 3Ru2O7.5 Also non Fermi liquid behavior is
seen in La4Ru6O19.6 Pyrochlore ruthenates containing rare earth elements with the general
formula Ln2Ru2O7 (Ln=Rare Earth ions) also attract a great attention recently since their
unique structure can result in geometrical frustration and interesting physical properties.
Ruthenium pyrochlore materials are one of the most widely studied pyrochlore materials
due to their technological importance as catalysts,7,8 electrode materials

9

and unusual

electronic properties.10–12. However, the correlation between the structure and electronic
properties of the ruthenium pyrochlores still remain poorly understood.1 The probable
reason for these unusual electronic and magnetic properties in ruthenates are due to the
presence of complex interactions between 4d electrons which are difficult to interpret by
the conventional theoretical models. Usually in 3d oxides the electronic state is a result of
coupling between electronic and structural degrees of freedom. The 4d orbitals are
extended in nature compared to 3d orbitals and the 4d valence electrons are less likely to
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localize compared to their 3d electrons. Therefore, the coupling between electronic and
structural degrees of freedom is weak in ruthenium oxides. In ruthenates this coupling can
become important, but sometimes it shows no significance and this makes ruthenium
oxides a unique class of compounds. Also the electrons in ruthenats can exhibit either
itinerant or localized behavior which can lead to novel and complex magnetic properties.1
In rare earth ruthenium oxides, the ruthenium atoms usually adopt oxidation states
between +4 and +7, and the +4 oxidation state is more common than other oxidation
states.13 While the +4 oxidation state is found in rare earth pyrochlores (Ln2Ru2O7), and
simple perovskites (BaRuO3), the +5 state is found in double perovskites such as
Ln2LiRuO6 and Ln3RuO7 type compounds.14,15 Also the non-integral formal oxidation state
of +4.33 is found in La4Ru6O19, and the formal oxidation state of +4.5 is seen in Ln5Ru2O12
type compounds.6,16 The +3 oxidation state for ruthenium was not very common until a
recent report on LnRuO3 (Ln = La-Ho,Y) was published.13 While some of these ruthenium
compounds have been synthesized as single crystals, the majority of rare earth ruthenium
compounds have been synthesized as powders or polycrystalline materials.13–15,17–19 One
reason for this is that the synthesis of ruthenium oxides is often dominated by high
temperature crystal growth techniques (>900 ⁰C). In cases like this where the metal can
adopt variable oxidation states the high temperatures often lead to significant oxide defects
in the lattice with mixed oxidation states at the Ru centers. However, improved crystal
growth techniques that enable the growth of single crystals of these compounds play an
important role in understanding the properties of rare-earth ruthenium oxides.
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The development of a hydrothermal method is particularly interesting for the
growth of rare-earth ruthenates as it would enable the products to grow at relatively low
temperatures. The low temperatures also lead to minimal site defects and disorder, which
is a common problem encountered during the traditional high temperature synthesis of rareearth metal oxides. For example synthesis of A2B2O7 pyrochlore compounds often have
problems with oxygen vacancies and site disorder between the A and B cations.20,21 A
recent publication by Sleight and Ramirez reports the hydrothermal synthesis of the single
crystals of rare earth 5-d pyrochlore compounds such as Ln2Ir2O7 and Ln2Ru2O7 with
reduced lattice defects and site disorder.22 This study further emphasizes the importance of
a closed reaction system in maintaining the A:B stoichiometry in pyrochlore systems. We
view this paper as clear evidence for the importance of exploring new hydrothermal
synthesis routes to rare earth ruthenium oxides. Since our work using hydrothermal
reactions of rare earth oxides with ReO2 at 600-650 ⁰C resulted a wide range of compounds
with interesting structures, a similar synthetic approach was used to explore the chemistry
of rare-earth ruthenates. Unlike metal rhenates however, we observed that rare-earth
ruthenates do not grow in deionized water. Even after two weeks of reaction time no
reaction was observed between Ln2O3 and RuO2 in pure water. Therefore, a series of
mineralizers (NaOH, KOH, KF, CsF, CsOH) was tested in order to determine suitable
mineralizers for rare earth ruthenate reactions. It was found that NaOH and KOH
mineralizers work best with ruthenium reactions under hydrothermal conditions at 600-650
⁰C, while CsF and CsOH mineralizers lead to the formation of similar rare-earth ruthenium
compounds but in very low yields. The use of fluoride mineralizers however yielded single
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crystals of rare earth trifluoride (LnF3) phase as the major phase instead of the rare-earth
ruthenate phases. Therefore, NaOH and KOH was selected as the standard mineralizer for
this study. This approach led to the formation of a series of ruthenium compounds as well
grown single crystals with minimal site defects and disorder. These compounds include
new Ln2RuO5(OH) (Ln = La, Pr and Nd) compounds, Ln2Ru2O7 (Ln = Pr, Nd, Sm-Gd)
pyrochlore compounds, LnRuO3 (Ln = La, Pr-Sm) perovskite compounds and Ln5Ru2O12
(Ln = Eu-Ho, Y) compounds, all of which will be discussed below.
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Experimental Methods for Rare-Earth Ruthenates
All the reagents including RuO2 (Alfa Aesar, 99.9%), KRuO4 (Alfa Aesar, 97%),
BaO (Sterm, 99.5%), La2O3 (Alfa Aesar, 99.999%), Pr2O3 (Alfa Aesar, 99.9%), Nd2O3
(Alfa Aesar, 99.9%), Sm2O3 (Alfa Aesar, 99.9%), Eu2O3 (Alfa Aesar, 99.9%), Gd2O3 (Alfa
Aesar, 99.9%) Tb4O7 (Alfa Aesar, 99.9%), Dy2O3 (Strem,99.9%), Ho 2O3 (Strem, 99.9%),
Er2O3 (Alfa Aesar, 99.9%), Tm2O3 (Strem, 99.9%), Yb2O3 (Strem, 99.9%) Lu2O3 (Strem
99.9%) were purchased commercially and used without further purification. In each
reaction approximately 0.2g of starting materials were loaded into 2.5 in. long silver
ampoules with outer diameters of ¼ in. with 0.4ml of mineralizer. The silver ampoules
were sealed by welding and placed in autoclaves as described previously and heated (600650 ⁰C) for a suitable time period (6-12 days). After the reaction period the products were
washed and filtered. Specific synthetic details for different classes of compounds are
discussed below.

Hydrothermal Crystal Growth of Ln2RuO5OH (Ln = La, Pr, Nd)
Single crystals of Ln2RuO5(OH) (La, Pr, Nd) phase were grown by reacting Ln2O3 and
RuO2 in 1:2 stoichiometric ratio. As a specific example, single crystals of La2RuO5(OH)
was grown by the reaction of La2O3 and RuO2 in a molar ratio of 1:2. A total of 0.2 g of
reactants (La2O3: 0.110 g; RuO2: 0.089)) were loaded with 0.4 mL of 10M KOH into the
silver ampoules and heated to 600 ⁰C for 6 days. After the reaction period, black block-like
single crystals (0.4-0.8 mm, Figure 4.1a) were isolated as the only product. Isostructural
Pr2RuO5(OH) (~0.3 mm) and Nd2RuO5(OH) (~0.2mm) (black color and block shaped)
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were grown in a similar fashion. While the reaction between Pr2O3 and RuO2 produced
approximately 70% of Pr2RuO5OH phase and 30% of Pr2Ru2O7 phase, the reaction
between Nd2O3 and RuO2 produced approximately 10% of Nd2RuO5OH phase and 80% of
Nd2Ru2O7. It is interesting to note that 1:2 reactions between La2O3 and KRuO4 at 600 ⁰C
for 6 days without using a mineralizer also produced block color block shaped
La2RuO5(OH) single crystals (~0.2-0.7mm) as the only product while the reaction with Pr
resulted a mixture of Pr2Ru2O7 (~80% yield) and Pr2RuO5OH (~5% yield). However, a
similar reaction with Nd only produced a crystalline powder of Nd 2Ru2O7 as the only
product. It is interesting to note that 1:2 reactions between La2O3 and KRuO4 at 600 ⁰C for
6 days without using a mineralizer also produced block color block shaped La 2RuO5(OH)
single crystals (~0.2-0.7mm) as the only product while the reaction with Pr resulted a
mixture of Pr2Ru2O7 (~80% yield) and Pr2RuO5OH (~5% yield).

Hydrothermal Crystal Growth of Ln2Ru2O7 (Ln = Pr, Nd, Sm-Gd)
Single crystals of Ln2Ru2O7 (Ln = Pr, Nd, Sm-Gd)) phase were grown by reacting
Ln2O3 with RuO2 in 1:2 stoichiometric ratio. A reaction summary of the reactions with 1:2
ratio of Ln2O3 and RuO2 is given below. As a specific example, black polyhedral single
crystals of Sm2Ru2O7 (~0.3mm) was grown by a reaction of Sm2O3 and RuO2 in a molar
ratio of 1:2. A total of 0.2 g of reactants (Sm2O3: 0.113 g; RuO2: 0.086)) were loaded with
0.4 mL of 10M KOH into the silver ampoules and heated to 600 ⁰C for 6 days. The 1:2
reactions between Ln2O3 (Ln = Pr, Nd) and RuO2 produced a mixture of Ln2Ru2O7 and
Ln2RuO5OH as discussed in above. The 1:2 reactions between Ln2O3 (Ln = Sm-Gd) and
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RuO2 produced the pyrochlore phase as the major product with LnO(OH) occurring as a
minor product. While the size of Pr2Ru2O7 and Nd2Ru2O7 Sm2Ru2O7 crystals ranged
between 0.2-0.3 mm, the size of Eu2Ru2O7 single crystals varied between 0.3-0.5mm and
Gd2Ru2O7 single crystals between 0.5-0.9mm (Figure 4.1b).. The yield of the pyrochlore
phase in these reactions was approximately 60%. It is interesting to note that 1:2 reactions
between Ln2O3 (Nd-Ho) and KRuO4 at 600 ⁰C for 6 days without using a mineralizer also
produced powders of the pyrochlore phase as the only product. These reactions implied
that RuO2 acts as a better starting material compared to KRuO4 in getting ruthenium
compounds with a good crystallinity. Therefore, RuO 2 was used as a starting material for
the rest of the reactions in this study.

Hydrothermal Crystal Growth of Ln5Ru2O12(Ln = Eu-Ho, Y)
Single crystals of Ln5Ru2O12 phase were grown by reacting Ln2O3 and RuO2 with 1:2
stoichiometric ratio. As a specific example, black color column shape Dy5Ru2O12 single
crystals (~0.3mm) were grown by a reaction of Dy2O3 and RuO2 in a molar ratio of 1:2. A
total of 0.2 g of reactants (Dy2O3: 0.116 g; RuO2: 0.083)) were loaded with 0.4 mL of 10M
KOH into the silver ampoules and heated to 600 ⁰C for 6 days. Isostructural Tb5Ru2O12
(~0.1mm) and Ho5Ru2O12 (~0.3mm) were also grown in a similar fashion with a yield of
approximately 70%. However, similar reactions with smaller lanthanides (Er-Lu) did not
produce any single crystals and yielded a mixture of RuO 2 powder and colorless column
shape LnO(OH) single crystals. It was found that the medium and small size rare earth ions
(Eu-Lu) tend to form well grown black color single crystals of Ln5Ru2O12 phase when a

144

3:2 ratio of Ln2O3 : RuO2 was used along with higher temperatures (650 ⁰C) and with 30M
NaOH. For example black color 1-1.5mm size Y5Ru2O12 single crystals (Fig 4.1c) were
synthesized with approximately 80% yield by a reaction of Y2O3 and RuO2 in a molar ratio
of 3:2. A total of 0.2 g of reactants (Y2O3: 0.1436 g; RuO2: 0.0564)) were loaded with
0.4 mL of 30M NaOH into the silver ampoules and heated to 650 ⁰C for 12 days. After the
reaction period black color single crystals of Ln5Ru2O12 was isolated as the main product
with the minor impurity of LnO(OH) phase. A reaction summary of the reactions with 3:2
ratio of Ln2O3 (Ln =La-Lu) and RuO2 is given below.

Hydrothermal Crystal Growth of LnRuO3 (Ln = La, Pr, Nd, Sm)
In the case of La2O3 we observed that single crystals of La0.81Na0.19RuO3 formed by a
reaction of La2O3 and RuO2 in a molar ratio of 3:2. A total of 0.2 g of reactants (La 2O3:
0.157 g; RuO2: 0.043 g)) were loaded with 0.4 mL of 30M NaOH into the silver ampoules
and heated to 650 ⁰C for 12 days. In contrast similar reactions with Pr 2O3 and Nd2O3
produced a mixture of LnRuO3 (~0.1mm) and Ln2Ru2O7 (~0.1-0.2 mm) (Ln = Pr, Nd)
single crystals with no sodium doped impurity phase observed. A better yield, purity and
better size of PrRuO3 and NdRuO3 crystals was obtained with 1:3 ratio of Ln2O3: RuO2 in
the presence of higher concentrations of NaOH mineralizer. For example a 1:3 reaction
between Ln2O3 (Ln = Pr, Nd) and RuO2 in 20M NaOH at 600 ⁰C for 6 days produced wellformed single crystals of PrRuO3 and NdRuO3 (~0.5mm, Fig. 4.1d) as the major product
(~65% yield) with the minor impurity Ln(OH) 3. As a specific example, single crystals of
PrRuO3 were grown from a reaction of Pr2O3 and RuO2 in a molar ratio of 1:3. A total of
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0.2 g of reactants (Pr2O3: 0.091 g; RuO2: 0.109)) were loaded with 0.4 mL of 20M NaOH
into the silver ampoules. However, a similar reaction with La 2O3 resulted unreacted RuO2
powder after 6 days of reaction time. It was observed that 1:3 reaction between Ln2O3 (Ln
= Sm-Gd) and RuO2 does not produce the LnRuO3 perovskite phase. Instead these
reactions resulted a mixture of back color single crystals of Ln2Ru2O7 and Ln5Ru2O12.
However, SmRuO3 was obtained as a minor product by a reaction between BaO, Sm2O3
and RuO2 in 1:1:1 ratio. A total of 0.2g of reactants (BaO: 0.048g; Sm2O3: 0.109g; RuO2:
0.0419g) were loaded with 0.4ml of 10M NaOH into silver ampoules and heated to 600 ⁰C
for 6 days. This reaction resulted in a mixture of black single crystals of SmRuO 3 (~20%)
along with 9R-BaRuO3 (~10%) and colorless needles of Ln(OH)3 (~50%).

Hydrothermal Crystal Growth of BaRuO3
Single crystals of 9-R and 4-H BaRuO3 phases was grown by 1:1:1 ratio of BaO, Ln2O3
and RuO2. As a specific example 9R-BaRuO3 was obtained by a reaction between BaO,
Sm2O3 and RuO2 in 1:1:1 ratio. A total of 0.2g of reactants (BaO: 0.048g; Sm2O3: 0.109g;
RuO2: 0.0419g) were loaded with 0.4ml of 10M NaOH into silver ampoules and heated to
600 ⁰C for 6 days. This reaction resulted in a mixture of black single crystals of SmRuO 3
(~20%) along with 9R-BaRuO3 (~10%) and colorless needles of Ln(OH)3 (~50%).
A series of reactions were also carried out with other lanthanides under similar reaction
conditions with a 1:1:1 ratio of BaO, Ln2O3 and RuO2. A reaction summary of the reactions
with 1:1: 1 ratio of BaO: Ln2O3 and RuO2 is given below. It was observed that under these
conditions most lanthanides produce a significant amount of LnO(OH) or Ln(OH) 3 phases
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along with several barium ruthenate phases and/or rare earth ruthenate phases. However,
the only lanthanide ion that produced the orthorhombic perovskite LnRuO3 phase under
these conditions was Sm. Similar reactions with La resulted single crystals of 4H-BaRuO3
phase as the major product (yield ~50%, size ~0.6mm) along with colorless crystals of
La(OH)3. Reactions with Pr and Nd resulted a mixture of 9R-BaRuO3 single crystals
(~10%) along with colorless crystals of Ln(OH)3 (~50%) and a minor amount of BaCO3
crystals. There is a less probability for the hydroxide mineralizer to react with CO 2 in the
air to make BaCO3 since the mineralizers were prepared fresh for each experiment.
Therefore, it can be assumed that the BaCO3 impurity already present in BaO starting
material. Reactions with Eu and Gd produced a mixture of 4H-BaRuO3 (~30%) and
Ln2Ru2O7 (~30%) phase along with Ln(OH)3 (~10%) phase, while reactions with Tb-Tm
produced a mixture of single crystals of 4H-BaRuO3 (~10%) and Ln5Ru2O12 (~50-60%)
phases along with colorless crystals of LnO(OH) phase. Reactions with Yb, Lu resulted
LnO(OH) crystals along with minor yields of 4H-BaRuO3 (~20%) phase. Powder patterns
for these reactions are shown in Figures 4.18, 4.19 and 4.20.

La2O3 + 2RuO2  La2RuO5OH

H2O/600˚C

Eq. 1

Ln2O3 + 2RuO2  Ln2RuO5OH + Ln2Ru2O7 (Ln = Pr, Nd)

H2O/600˚C

Eq. 2

Ln2O3 + 2RuO2  Ln2Ru2O7 (Ln = Sm- Gd)

H2O/600˚C

Eq. 3

Ln2O3 + 2RuO2  Ln5Ru2O12 (Ln = Tb-Ho)

H2O/600˚C

Eq. 4

Ln2O3 + 2RuO2  RuO2 (Ln = Er- Lu)

H2O/600˚C

Eq. 5
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3La2O3 + 2RuO2  La0.81Na0.19RuO3

H2O/650˚C

Eq. 6

3Ln2O3 + 2RuO2  LnRuO3 + Ln2Ru2O7 (Ln = Pr, Nd)

H2O/650˚C

Eq. 7

3Ln2O3 + 2RuO2  Sm2Ru2O7 (Ln = Sm)

H2O/650˚C

Eq. 8

3Ln2O3 + 2RuO2  Ln5Ru2O12 (Ln = Eu-Lu, Y)

H2O/650˚C

Eq. 9

La2O3 + 3RuO2  RuO2

H2O/600˚C

Eq. 10

Ln2O3 + 3RuO2  Ln2RuO3 (Ln = Pr, Nd)

H2O/600˚C

Eq. 11

Ln2O3 + 3RuO2  Ln2Ru2O7 + Ln5Ru2O12 (Ln = Sm- Gd)

H2O/600˚C

Eq. 12

BaO + La2O3 + RuO2  4H-BaRuO3 + 9R-BaRuO3

H2O/650˚C

Eq. 13

BaO + Ln2O3 + RuO2 9R-BaRuO3 (Ln = Pr, Nd)

H2O/650˚C

Eq.14

BaO + Ln2O3 + RuO2 SmRuO3 + 9R-BaRuO3 (Ln = Sm)

H2O/650˚C

Eq. 15

BaO + Ln2O3 + RuO2 4H-BaRuO3 + 9R-BaRuO3 + Ln2Ru2O7 + Ln5Ru2O12
(Ln = Tb-Tm)

H2O/650˚C

Eq. 16

BaO + Ln2O3 + RuO2  4H-BaRuO3 + 9R-BaRuO3 (Ln = Yb, Lu)
H2O/650˚C
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Eq. 17

Figure 4.1: (a) Hydrothermally grown single crystals of La2RuO5(OH) (b) Gd2Ru2O7 (c)
Yb5Ru2O12 (d) NdRuO3
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Crystal Structures of Ln2RuO5OH (Ln = La, Pr, Nd).
The unusual Ln2RuO5OH (Ln = La, Pr, Nd) compounds are isostructural with the
recently reported Ln2TaO5OH (La, Pr) and La2NbO5(OH) compounds,23 which were
reported for the first time by our group recently. These compounds crystallize in a
monoclinic structure with space group P2(1)/n (no.14). The unit cell parameters and bond
distances are given in Table 4.1 and Table 4.2, respectively, and the structure of
La2RuO5OH will be discussed in detail here. It consists of a 3-D framework composed of
two crystallographically distinct LaO9 polyhedra and isolated Ru2O10 dimers formed by
edge sharing octahedra via O(1) (Figure 4.2a, 4.2b). These isolated Ru2O10 dimers connect
to a 3D La-O-La lattice. As seen in Figure 4.3a La(1)O9 polyhedra are edge sharing via
O(3) and O(4) to make infinite zigzag chains along b axis. These chains are sandwiched
between La(2)-O-La(2) layers made by La(2)O 9 polyhedra. The La(2)O9 polyhedra
connects to each other by edge sharing via O(4) (Figure 4.3b).The connectivity between
La(2)-O-La(2) layers and La(1)-O-La(1) chains give rise to a compact 3D structure (Figure
4.3c), with the Ru2O10 dimers inside the gaps created by this La-O-La 3D lattice (Figure
4.4). The O(4) atoms in the La-O-La network are actually assigned as OH- groups. The
presence of a hydrogen ion in the structure was suggested by the underbonded oxygen
atoms of that site by using bond valence sum analysis as well as by IR spectroscopy, which
displays a strong broad absorption near 3380cm-1. (Figure 4.5). The RuO6 octahedra in
La2RuO5OH are slightly distorted with Ru-O distances ranging from 1.872(3) to 2.055(3)
Å. These Ru-O bond lengths are comparable to the Shannon Crystal Radii of Ru5+‒O,
1.915Å.24 According to the calculations BVS for Ruthenium is 5.060 for La2RuO5OH
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which is comparable to the +5 oxidation state of Ruthenium, (Table 4.3). In La2RuO5OH,
the La(1)-O bond distances vary from 2.406(3) to 2.973(3)Å and La(2)-O bond distances
vary from 2.449(3) to 2.729(3) Å. Additionally, EDX analysis was carried out to support
the elemental ratios in the three Ln2RuO5OH compounds (Table 4.4).
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Table 4.1. Crystallographic data of Ln2RuO5OH (Ln = La, Pr, Nd)
empirical formula
FW
crystal system
crystal dimension, mm
space group, Z
T, K
a, Å
b, Å
c, Å
α, ⁰
β, °
ɣ, ⁰
V, Å3
dcalc, g cm-3
μ (Mo Kα), mm-1
Tmin
Tmax
2θ range
Reflections collected
Unique reflections
Observed reflections
(I>2σ(I))
No. of Restraints
No. of Parameters
final R [I> 2σ(I)] R1,
wR2
final R (all data) R1,
wR2
GoF
largest diff. peak/hole,
e/ Å3

Nd2RuO5OH
486.56
monoclinic
0.10x0.08x0.06
P2(1)/n (no.14), 4
273 (2)
6.9600 (3)
6.5631 (3)
9.9911 (5)
90
94.143 (2)
90
455.19 (4)
7.100
25.691
0.0612
0.0998
3.453- 25.245
5805
813
808

La2RuO5OH
475.90
monoclinic
0.01x0.08x0.06
P2(1)/n (no.14), 4
273 (2)
7.08680 (10)
6.6594 (2)
10.1610 (3)
90
94.1910 (10)
90
478.25 (2)
6.609
20.605
0.6280
0.7461
3.392-25.245
6552
866

Pr2RuO5OH
479.90
monoclinic
0.10x0.08x0.06
P2(1)/n (no.14), 4
302 (2)
6.9931 (6)
6.5854 (6)
10.0280 (9)
90
94.207 (3)
90
460.5 (7)
6.921
24.001
0.5623
0.7461
3.437-25.239
13076
834

826

746

1
87

1
87

0.0113/0.0278

0.0142/0.0294

0.0129/0.0291

0.0196/0.0318

0.843

0.886

1.013

0.697/-0.470

0.689/-0.830

0.549/ -0.521
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1
87
0.0116/ 0.0319
0.0117/ 0.0320

Table 4.2. Bond distances and angles of Ln2RuO5OH (Ln = La, Pr, Nd)
La2RuO5OH

Pr2RuO5OH

Nd2RuO5OH

2.023 (3)
2.055 (3)
1.920 (3)
1.951 (3)
1.958 (3)
1.872 (3)

2.020 (4)
2.052 (4)
1.914 (4)
1.947 (4)
1.953 (4)
1.869 (4)

2.019 (3)
2.046 (3)
1.911 (3)
1.947 (3)
1.947 (3)
1.863 (4)

La(1)
La (1)−O (1)
2.517 (3)
La (1)−O (2)
2.623 (3)
La (1)−O (3)
2.406 (3)
La (1)−O (3)
2.467 (3)
La (1)−O (4)
2.616 (3)
La (1)−O (4)
2.641 (3)
La (1)−O (5)
2.531 (3)
La (1)−O (6)
2.521 (3)
La (1)−O (6)
2.973 (3)

Pr(1)
Pr (1)−O (1)
2.483 (3)
Pr (1)−O (2)
2.568 (4)
Pr (1)−O (3)
2.361 (4)
Pr (1)−O (3)
2.427 (4)
Pr (1)−O (4)
2.574 (4)
Pr (1)−O (4)
2.598 (4)
Pr (1)−O (5)
2.475 (4)
Pr (1)−O (6)
2.482 (4)
Pr (1)−O (6)
2.956 (5)

Nd(1)
Nd (1)−O (1) 2.472 (3)
Nd (1)−O (2) 2.556 (3)
Nd (1)−O (3) 2.351 (3)
Nd (1)−O (3) 2.413 (3)
Nd (1)−O (4) 2.563 (3)
Nd (1)−O (4) 2.585 (4)
Nd (1)−O (5) 2.466 (3)
Nd (1)−O (6) 2.472 (4)
Nd (1)−O (6) 2.959 (5)

La(2)
La (2)−O (1)
2.471 (3)
La (2)−O (2)
2.553 (3)
La (2)−O (2)
2.670 (3)
La (2)−O (3)
2.540 (3)
La (2)−O (4)
2.449 (3)
La (2)−O (4)
2.728 (3)
La (2)−O (5)
2.491 (3)
La (2)−O (5)
2.716 (3)
La (2)−O (6)
2.587 (3)

Pr(2)
Pr (2)−O (1)
2.429 (4)
Pr (2)−O (2)
2.513 (4)
Pr (2)−O (2)
2.647 (4)
Pr (2)−O (3)
2.494 (4)
Pr (2)−O (4)
2.412 (4)
Pr (2)−O (4)
2.705 (4)
Pr (2)−O (5)
2.453 (4)
Pr (2)−O (5)
2.654 (4)
Pr (2)−O (6)
2.542 (4)

Nd(2)
Nd (2)−O (1) 2.420 (3)
Nd (2)−O (2) 2.498 (3)
Nd (2)−O (2) 2.638 (3)
Nd (2)−O (3) 2.475 (3)
Nd (2)−O (4) 2.397 (3)
Nd (2)−O (4) 2.696 (4)
Nd (2)−O (5) 2.433 (4)
Nd (2)−O (5) 2.651 (4)
Nd (2)−O (6) 2.528 (4)

Ru(1)
Ru (1)−O (1)
Ru (1)−O (1)
Ru (1)−O (2)
Ru (1)−O (3)
Ru (1)−O (5)
Ru (1)−O (6)
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Figure 4.2: Projected view of La2RuO5OH along the c-axis. (a) Isolated Ru2O10 dimers in
La2RuO5OH (b) A Ru2O10 dimeric unit showing the edge sharing via O1.
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Figure 4.3: Views of the La-O-La network in La2RuO5OH (a) La(1)-O-La(1) chains
propagating along the b-axis. The La(1)O9 polyhedra are edge sharing via O(3) and O(4)
creating infinite zigzag chains along the b-axis (b) La(2)-O-La(2) layers in the bc-plane.
The La(2)O9 polyhedra connects to each other by edge sharing via O(4) (c) Connectivity
of La(1)-O-La(1) chains with La(2)-O-La(2) layers.
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Figure 4.4. A view of La2RuO5OH along the b-axis. (a) A view of the La-O-La 3D network
along the b-axis showing the gaps in the structure (b) A view of La2RuO5OH along the baxis showing the gaps created by the La-O-La network and occupied by Ru2O10 dimers
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Table 4.3: Bond valence sums of hydrothermally-grown Ln2RuO5OH (Ln = La, Pr, Nd)

Ru1-O1
Ru1-O1
Ru1-O2
Ru1-O3
Ru1-O5
Ru1-O6
ΣRu1

La2RuO5OH
Pr2RuO5OH
Nd2RuO5OH
0.708
0.714
0.716
0.648
0.654
0.665
0.935
0.951
0.959
0.861
0.868
0.869
0.845
0.856
0.870
1.063
1.072
1.090
5.060
5.115
5.168

Ln 1-O1
Ln 1-O2
Ln 1-O3
Ln 1-O3
Ln 1-O4
Ln 1-O4
Ln 1-O5
Ln 1-O6
Ln 1-O6
ΣLn1

0.394
0.295
0.531
0.450
0.301
0.282
0.379
0.389
0.115
3.137

0.394
0.313
0.548
0.458
0.308
0.289
0.403
0.395
0.110
3.216

0.371
0.295
0.435
0.371
0.290
0.274
0.377
0.371
0.099
2.884

Ln 2-O1
Ln 2-O2
Ln 2-O2
Ln 2-O3
Ln 2-O4
Ln 2-O4
Ln 2-O5
Ln 2-O5
Ln 2-O6
ΣLn2

0.446
0.357
0.260
0.370
0.474
0.222
0.423
0.230
0.326
3.107

0.455
0.363
0.253
0.382
0.476
0.216
0.427
0.248
0.336
3.156

0.427
0.346
0.237
0.368
0.454
0.202
0.412
0.229
0.319
2.994
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Figure 4.5. Infrared spectra of Ln2RuO5OH (Ln = La, Pr and Nd)
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Table 4.4. EDX results for hydrothermally grown Ln2RuO5(OH) (Ln = La, Pr, Nd)
Compound

Experimental Results (atomic %)

Ideal Stoichiometric
Results (atomic %)

La2RuO5(OH) La-22.4 / Ru- 11.4 / O- 66.2

La-20 / Ru-10 / O-60

Pr-23.7 / Ru- 13.2 / O- 63.1

Pr-20 / Ru-10 / O-60

Pr2RuO5(OH)

Nd2RuO5(OH) Nd-26.9 / Ru- 12.8 / O- 60.3
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Nd-20 / Ru-10 / O-60

Figure 4.6: Powder X-ray diffraction patterns for the Ln2RuO5OH series (Ln = La-Nd) ;
(a) calculated powder pattern for Nd2Ru2O7; (b) calculated powder pattern for
La2RuO5OH; (c) observed powder pattern for La2RuO5OH (d) observed powder pattern
for Pr2RuO5OH (e) observed powder pattern for Nd2RuO5OH. Powder pattern c shows
Ln2RuO5OH is the only product in La reaction, powder pattern d and e shows the product
of Pr and Nd reaction is a mixture of Ln2RuO5OH and Ln2Ru2O7 phases.
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Crystal Structures of Ln2Ru2O7 Ln = Pr, Nd, Sm-Gd)
Rare earth ruthenium pyrochlore compounds with the formula Ln2Ru2O7 (Ln =
Lanthanide) have been reported to show novel conductivity properties, as well as chemical
and thermal stability.25,26 Most studies on rare earth ruthenium pyrochlores however, have
been carried out with polycrystalline samples or powders. Single crystals of Bi2Ru2O7 and
Tl2Ru2O7 have been prepared by a flux method or the hydrothermal method,27,28 but single
crystal data for other ruthenium pyrochlores are not evident in literature. Previous attempts
of synthesizing rare earth ruthenium pyrochlores under mild hydrothermal conditions
(240˚C) using RuCl3 starting material resulted in micron size pyrochlore materials.29 The
same study reports that expected pyrochlore compounds are not obtained when RuCl3 is
replaced with RuO2. However, this study has been carried out at low temperatures in Teflon
lined autoclaves. In our study we were able to successfully synthesize large well grown
single crystals (0.2 - 1mm) of rare earth ruthenium pyrochlores by using a hydrothermal
route at 600 ⁰C with RuO2 as a starting material. This indicates the need of the relatively
high temperatures for the crystallization of rare earth ruthenium pyrochlores by
hydrothermal method.
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Table 4.5. Crystallographic data of Ln2Ru2O7 (Ln = Pr, Nd, Sm-Gd)
empirical
formula
FW
crystal system
crystal
dimension,
mm
space group, Z
T, K
a, Å
α, ⁰
β, °
ɣ, ⁰
V, Å3
dcalc, g cm-3
μ (Mo Kα),
mm-1
Tmin
Tmax
2θ range
Reflections
collected
Unique
reflections
Observed
reflections
(I>2σ(I))
No. of
Restraints
No. of
Parameters
final R [I>
2σ(I)] R1,
wR2
final R (all
data) R1, wR2
GoF
largest diff.
peak/hole, e/
Å3

Pr2Ru2O7

Nd2Ru2O7

Sm2Ru2O7

Eu2Ru2O7

Gd2Ru2O7

595.96
cubic

602.62
cubic

614.84
cubic

618.06
cubic

628.64
cubic

0.031x 0.028x
0.022

0.031x0.013x0
.012

0.032x0.031x0
.021

0.032x0.031x0
.031

0.027x0.021x0
.018

Fd -3m
(no.227), 8
273(2)
10.3111 (3)
90
90
90
1096.26 (10)
7.222

Fd -3m
(no.227), 8
273 (2)
10.33020 (10)
90
90
90
1102.37 (3)
7.262

Fd -3m
(no.227), 8
299 (2)
10.2845 (2)
90
90
90
1087.80 (6)
7.508

Fd -3m
(no.227), 8
299 (2)
10.2659 (5)
90
90
90
1081.91 (16)
7.589

Fd -3m
(no.227), 8
299 (2)
10.2396 (4)
90
90
90
1073.62 (13)
7.778

22.847

23.881

26.702

28.326

29.886

0.4006
0.7461
3.422- 26.191

0.0300
0.0996
3.416-26.480

0.6002
0.7461
3.431-26.264

0.6240
0.7460
3.437-26.315

0.6565
0.7460
3.446-26.388

741

7073

2227

775

655

69

69

70

71

70

69

68

66

62

62

0

0

0

0

0

11

11

11

11

11

0.0196/ 0.0471

0.0202/0.0255

0.0103/0.0221

0.0133/0.0245

0.0150/0.0320

0.0203/ 0.0476

0.0204/0.0256

0.0111/0.0225

0.0156/0.0258

0.0179/0.0328

1.247

0.890

0.981

1.004

1.412

0.741/ -0.448

0.723/-0.715

0.298/ -0.205

0.398/-0.344

0.541/-0.528
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Table 4.6: Selected bond distances of Ln2Ru2O7 (Ln = Pr, Nd, Sm-Gd)
Pr2Ru2O7

Nd2Ru2O7

Sm2Ru2O7

Eu2Ru2O7

Gd2Ru2O7

Ru (1)−O (1) x 6

2.016 (3)

1.999 (1)

2.002 (2)

1.998 (2)

1.995 (3)

Ln(1)

Pr(1)

Nd(1)

Sm(1)

Eu(1)

Gd(1)

Ln (1)−O (1) x 6

2.503 (5)

2.543 (3)

2.512 (3)

2.508 (3)

2.499 (4)

Ln (1)−O (2) x 2

2.232 (1)

2.237 (1)

2.227 (1)

2.223 (1)

2.217 (1)

Ru(1)
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The pyrochlore type Ln2Ru2O7 (Ln = Pr, Nd, Sm-Gd) compounds are isostructural
and crystalize in a cubic structure with space group Fd-3m (227) (Table 4.5 and 4.6). The
structure of Nd2Ru2O7 for example consist of a network of corner sharing RuO6 octahedra
and the NdO8 polyhedra. The NdO8 polyhedra occupy the interstitial sites within this
network (Figure 4.7a). Each NdO8 polyhedra is bonded to six RuO6 octahedra at equal
distances via O(2) as shown in Figure 4.7b. In Nd2Ru2O7, each ruthenium is bonded to six
O(2) atoms and the Ru-O bond distance is 1.999(1) Å. These Ru-O bond distances are
comparable with the Shannon crystal radii of Ru4+ - O, 1.97 Å.24 The bond valence sum
calculations also supports the +4 oxidation state for ruthenium (Table 4.7). Neodymium is
bonded to six O(2) atoms and to two O(1) atoms and the Nd-O bond distance varies
between 2.237(1) and 2.542(2) Å. The structure was refined with Ru at 16c, Nd at 16c,
O(1) at 8b and O(2) at 48f sites. The refinement was consistent with complete occupancies
at A, B and O sites. In order to evaluate the possibility of site disorder, the structure was
alternatively refined with varying degrees of disorder with mixed Ru and Ln occupancies
at the Ru and Ln sites. Even 5% occupancy of Ru at Ln site or 5% occupancy of Ln at Ru
site led to a notable increase in the R value, which was not observed in the experimental
data. Additionally, EDX analysis was carried out to confirm the elemental ratios in the
compounds (Figure 4.8). These data strongly suggest that there is no meaningful lattice
defects or site disorder in these compounds.
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Figure 4.7: (a) A view of Nd2Ru2O7 showing the network of corner sharing RuO6
octahedra. The NdO8 polyhedra occupy the interstitial sites within this network (b) NdO 8
polyhedra in Nd2Ru2O7. Each NdO8 polyhedron is bonded to six RuO6 octahedra at equal
distances via O(2)
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Table 4.7: Bond valence analysis of hydrothermally-grown Ln2Ru2O7 (Ln = Pr, Nd, SmGd)
Nd2Ru2O7

Sm2Ru2O7

Eu2Ru2O7

Gd2Ru2O7

Ru (1)-O (1) x 6

3.840

3.840

3.853

3.888

ΣRu1

3.840

3.840

3.853

3.888

Ln (1)-O (1) x 6

1.900

1.910

1.867

1.859

Ln (1)-O (2) x 2

1.448

1.375

1.346

1.327

ΣLn1

3.347

3.285

3.213

3.185
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Figure 4.8: EDX spectrum of Nd2Ru2O7
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Crystal Structure of Ln5Ru2O12 (Ln = Eu-Ho, Y)
Several compounds with the formula Ln5M2O12 (Ln = lanthanide, M = Mo, Re, Ru)
has been reported in literature.16,30–32 Although the single crystal data of Ln5Ru2O12 (PrTb) compounds are known, details on Ln5Ru2O12 (Ln = Dy-Lu, Y) are not known in
literature. Single crystals of Ln5Ru2O12 (Pr-Tb) were previously prepared by a high
temperature flux method in sealed silver tubes and twinning/disorder was observed with
most of these compounds.16 In this work we have been able to synthesize the Ln5Ru2O12
compounds of the smaller size lanthanides and Y as large single crystals, and the
crystallographic parameters of some of these compounds are given in Table 4.8 and 4.9.
The powder diffraction patterns of the remaining reactions (Dy-Tm) are given in Figure
4.11.
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Table 4.8: Crystallographic data of Ln5Ru2O12 (Ln = Dy-Lu)
empirical
formula
FW
crystal system
crystal
dimension,
mm
space group, Z
T, K
a, Å
b, Å
c, Å
α, ⁰
β, °
ɣ, ⁰
V, Å3
dcalc, g cm-3
μ (Mo Kα),
mm-1
Tmin
Tmax
2θ range
Reflections
collected
Unique
reflections
Observed
reflections
(I>2σ(I))
No. of
Restraints
No. of
Parameters
final R [I>
2σ(I)] R1,
wR2
final R (all
data) R1, wR2
GoF
largest diff.
peak/hole, e/
Å3

Er5Ru2O12

Yb5Ru2O12

Lu5Ru2O12

Y5Ru2O12

1230.44
monoclinic

1259.34
monoclinic

1268.99
monoclinic

838.69
monoclinic

0.12 x 0.04 x
0.04

0.05 x 0.042 x
0.03

0.10 x 0.05 x
0.04

0.044 x 0.04 x
0.02

C2/m (no12), 2
273 (2)
12.2651 (5)
5.7704 (2)
7.2605 (3)
90
107.234 (2)
90
490.79 (3)
8.326

C2/m (no12), 2
273 (2)
12.2124 (8)
5.7103 (3)
7.2132 (4)
90
107.275 (2)
90
480.33 (5)
8.707

C2/m (no12), 2
273 (2)
12.1748 (4)
5.6980 (2)
7.1922 (3)
90
107.2930(10)
90
476.38(3)
8.847

C2/m (no12), 2
273 (2)
12.3030 (5)
5.8077 (3)
7.2809 (3)
90
107.272 (2)
90
496.78 (4)
5.607

45.303

51.285

54.439

31.874

0.0455
0.0998
2.937-26.493

0.0412
0.0997
2.957-26.489

0.0458
0.0998
2.966-26.495

0.0449
0.0998
2.930-25.493

7269

3410

3373

3331

566

549

542

511

530

536

532

493

6

0

0

6

53

53

54

54

0.0153, 0.0362

0.0201, 0.0492

0.0140, 0.0342

0.0214, 0.0569

0.0178, 0.0379

0.0205, 0.0495

0.0143, 0.0344

0.0222, 0.0575

1.132

1.104

1.091

0.928

1.858/-1.788

1.687/-2.575

2.470/ -1.055

0.897/-1.088
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Table 4.9: Selected bond distances of Ln5Ru2O12 (Ln = Er, Yb, Lu, Y)
Er5Ru2O12

Yb5Ru2O12

Lu5Ru2O12

Y5Ru2O12

1.941 (5)
1.941 (5)
1.950 (5)
1.950 (5)
2.039 (5)
2.039 (5)

1.949 (6)
1.949 (6)
1.942 (6)
1.942 (6)
2.033 (5)
2.033 (5)

1.953 (4)
1.953 (4)
1.957 (5)
1.957 (5)
2.031 (4)
2.031 (4)

1.942 (4)
1.942 (4)
1.954 (4)
1.954 (4)
2.032 (4)
2.032 (4)

2.722 (2)

2.663 (2)

2.655 (1)

2.755 (1)

3.048 (2)

3.048 (2)

3.043 (1)

3.052 (1)

Ln (1)-O (2)
Ln (1)-O (2)
Ln (1)-O (2)
Ln (1)-O (2)
Ln (1)-O (4)
Ln (1)-O (4)

2.294 (5)
2.294 (5)
2.294 (5)
2.294 (5)
2.234 (7)
2.234 (7)

2.276 (6)
2.276 (6)
2.276 (6)
2.276 (6)
2.194 (7)
2.194 (7)

2.259 (4)
2.259 (4)
2.259 (4)
2.259 (4)
2.159 (6)
2.159 (6)

2.299 (4)
2.299 (4)
2.299 (4)
2.299 (4)
2.255 (6)
2.255 (6)

Ln (2)-O (1)
Ln (2)-O (1)
Ln (2)-O (1)
Ln (2)-O (1)
Ln (2)-O (2)
Ln (2)-O (2)
Ln (2)-O (3)

2.258 (5)
2.258 (5)
2.375 (1)
2.375 (1)
2.318 (10)
2.318 (10)
2.298 (10)

2.227 (6)
2.227 (6)
2.384 (2)
2.384 (2)
2.283 (2)
2.283 (2)
2.296 (2)

2.217 (4)
2.217 (4)
2.352 (8)
2.352 (8)
2.298 (7)
2.298 (7)
2.280 (7)

2.268 (4)
2.268 (4)
2.359 (6)
2.359 (6)
2.352 (5)
2.352 (5)
2.321 (8)

Ln (3)-O (1)
Ln (3)-O (1)
Ln (3)-O (2)
Ln (3)-O (2)
Ln (3)-O (2)
Ln (3)-O (2)
Ln (3)-O (3)

2.366 (11)
2.366 (11)
2.292 (11)
2.292 (11)
2.298 (5)
2.298 (5)
2.366 (9)

2.315 (2)
2.315 (2)
2.282 (6)
2.282 (6)
2.300 (2)
2.300 (2)
2.346 (1)

2.329 (8)
2.329 (8)
2.279 (7)
2.279 (7)
2.281 (4)
2.281 (4)
2.352 (7)

2.402 (6)
2.402 (6)
2.286 (5)
2.286 (5)
2.312 (4)
2.312 (4)
2.359 (8)

Ru(1)
Ru (1)−O (1)
Ru (1)−O (1)
Ru (1)−O (4)
Ru (1)−O (4)
Ru (1)−O (3)
Ru (1)−O (3)
Ru(1)-Ru(1)
short
Ru(1)-Ru(1)
long
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The Ln5Ru2O12 compounds synthesized in this study are isostructural with the
previously reported Ln5Ru2O12 (Pr, Nd, Sm-Tb) compounds.16 They crystallize in a
monoclinic structure with space group C2/m (no.12). It was observed that all the
synthesized Ln5Ru2O12 compounds have twinning similar to that reported for Ln5Ru2O12
and Ln5Re2O12 previously in literature.16,33 It is important to note however, that no site
disorder was observed with the Ln5Ru2O12 compounds synthesized in this work. The
synthesized Ln5Ru2O12 compounds initially gave the appearance of C-centered
orthorhombic symmetry due to twinning. A better structural solution was found by solving
the structure in monoclinic C2/m symmetry and by using the twin law suggested by
PLATON. The presence of crystallographic twinning is of minor consequence since true
the structure is easily solved, and this will not affect the bulk physical properties of the
material. The elimination of site disorder is experimentally significant however, as this will
eliminate many ambiguities in physical properties that are often observed in these types of
compounds. 22
The structure of Y5Ru2O12 is discussed in detail here. It consists of Ru-O-Ru chains
made up of edge-shared RuO6 octahedra connected via O(4), (Figure 4.9). These chains
consist of alternating short (2.755 Å) and long (3.052 Å) Ru-Ru bond distances. In similar
Ln5Re2O12 and Ln5Mo2O12 compounds these short and long bond distances are explained
by metal-metal bond formation with the unpaired electrons present in the M-O-M chain.
However, in Y5Ru2O12 the short Ru-Ru bond distance is slightly longer than the M-M bond
distance in Y5Re2O12 (2.4466(5) Å) and Y5Mo2O12 (2.496 (1) Å) and the long bond
distance is slightly shorter than the M-M bond distance in Y5Re2O12 (3.2138 Å) and
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Y5Mo2O12 (3.221 (1) Å).32,34 suggesting that this effect is much less pronounced in the Ru
analogs. Single Ru-Ru bonds are observed in complexes such as [(C5H5)-(CO)2Ru]2 with
two carbonyl bridging groups, where the nominal Ru-Ru single bond distance is 2.74 Å.
Also a Ru-Ru bond distance of 2.93 Å is found in [(CH3)2GeRu(CO)3]3 containing a Ru3
triangle.35 Therefore, the short Ru-Ru bond distance of 2.755 Å observed in Y5Ru2O12 can
be considered as a Ru-Ru single bond as a result of the presence of unpaired electrons in
the ruthenate chain. The Ru-O bond distances in Y5Ru2O12 vary from 1.942 (4) and 2.032
(4) Å, which are similar to the Ru-O bond distances observed for analogues Ln5Ru2O12 (Pr,
Nd, Sm-Tb) with a formal Ru oxidation state of +4.5. In Y5Ru2O12 Y atoms exist in three
different coordination environments. While Y(1)O6 make slightly distorted octahedra,
Y(2)O7 and Y(3)O7 are monocapped trigonal prisms. The Y(1)-O bond distances vary from
2.255(6) to 2.299(4) Å, Y(2)-O bond distance varies from 2.268 (4) to 2.359 (6) Å and
Y(3)-O bond distances varies from 2.286 (5) to 2.402 (6) Å. The Y(1)O 6 octahedra corner
share to the Ru-O-Ru chains via O(4) making slabs in the bc-plane (Figure 4.10a). The
Y(2)O7 and Y(3)O7 polyhedra make a Y-O-Y network as shown in Figure 4.10b. This
network further connects with the slabs made by Y(1)O6 and RuO6 making a condensed 3D structure, (Figure 4.10c). The average formal oxidation state of ruthenium in this
structure is +4.5 indicating the compound is mixed valent with ruthenium +4 and +5
oxidation states. This was confirmed by bond valence sum analysis (Table 4.10). The bond
valence sum was calculated with bond valence parameters of ruthenium +4 (1.834) and
also with ruthenium +5 (1.895)

36,37

. While the calculations with 1.834 showed more

ruthenium +4 character, calculations done with 1.895 showed more Ru +5 character,
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indicating that ruthenium has an intermediate bond valence sum between +4 and +5.
Additionally, EDX analysis was carried out to confirm the elemental compositions of the
compounds, Table 4.11.
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Figure 4.9: Edge sharing RuO6 octahedra in Y5Ru2O12 showing the alternating short and
long bond distances. Short bond distances are shown in black and the long bond distances
are shown in white
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Figure 4.10: (a) A view of Y5Ru2O12 showing the slabs made by Y(1)O6 octahedra and the
edge sharing RuO6 octahedra in the bc-plane. The Y(1)O6 polyhedra connect to the Ru-ORu chains via O(4). (b) The Y-O-Y network made by Y(2)O7 and Y(3)O7 polyhedra (c) A
view of Y5Ru2O12 along b-axis. Y(1)O6 is shown in a polyhedral view while the Y(2)O7
and Y(3)O7 are shown in atomic view.
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Table 4.10: Bond valence analysis of hydrothermally-grown Ln5Ru2O12 (Ln = Yb, Lu,
Y)
Ru1-O1
Ru1-O1
Ru1-O4
Ru1-O4
Ru1-O3
Ru1-O3
ΣRu1 (bvp 1.834)

Er5Ru2O12
0.749
0.748
0.731
0.731
0.575
0.575
4.109

Yb5Ru2O12
0.734
0.734
0.748
0.748
0.584
0.584
4.130

Lu5Ru2O12
0.724
0.724
0.717
0.717
0.587
0.587
4.057

Y5Ru2O12
0.746
0.748
0.723
0.723
0.585
0.585
4.109

Ru1-O4
Ru1-O4
Ru1-O1
Ru1-O1
Ru1-O3
Ru1-O3
ΣRu1 (bvp 1.895)

0.883
0.883
0.862
0.862
0.678
0.678
4.845

0.882
0.882
0.865
0.865
0.688
0.688
4.870

0.854
0.854
0.846
0.846
0.692
0.692
4.784

0.880
0.882
0.852
0.852
0.690
0.690
4.846

Ln1-O2
Ln1-O2
Ln1-O2
Ln1-O2
Ln1-O4
Ln1-O4
ΣLn1

0.465
0.465
0.465
0.465
0.546
0.546
2.950

0.455
0.455
0.455
0.455
0.569
0.569
2.959

0.460
0.460
0.460
0.460
0.602
0.602
3.043

0.463
0.463
0.463
0.463
0.522
0.522
2.894

Ln2-O1
Ln2-O1
Ln2-O1
Ln2-O1
Ln2-O2
Ln2-O2
Ln2-O3
ΣLn2

0.512
0.512
0.373
0.373
0.373
0.373
0.373
2.888

0.520
0.520
0.340
0.340
0.447
0.447
0.432
3.046

0.514
0.514
0.357
0.357
0.413
0.413
0.434
3.002

0.503
0.503
0.394
0.394
0.401
0.401
0.437
3.033

Ln3-O1
Ln3-O1
Ln3-O2
Ln3-O2
Ln3-O2
Ln3-O2
Ln3-O3
ΣLn2

0.382
0.382
0.466
0.466
0.459
0.459
0.382
2.997

0.410
0.410
0.448
0.448
0.428
0.428
0.377
2.946

0.380
0.380
0.435
0.435
0.433
0.433
0.357
2.853

0.350
0.350
0.479
0.479
0.447
0.447
0.393
2.947
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Table 4.11. EDX results for hydrothermally grown Ln5Ru2O12 (Ln = Tb. Ho, Er, Yb and
Lu)
Compound

Experimental Results (atomic %) Ideal Stoichiometric Results
(atomic %)

Tb5Ru2O12

Tb-26.5 / Ru-10.4 / O-63.2

Tb-26.31 / Ru-10.5 / O-63.1

Ho5Ru2O12

Ho-20.7 / Ru-10.8/ O-68.6

Ho-26.31 / Ru-10.5 / O-63.1

Er5Ru2O12

Er-27.6/ Ru-9.8 / O-62.6

Er-26.31 / Ru-10.5 / O-63.1

Yb5Ru2O12

Yb-27.6 / Ru-10.6 / O-61.8

Yb-26.31 / Ru-10.5 / O-63.1

Lu5Ru2O12

Lu-26.0 / Ru-10.6 / O-63.3

Lu-26.31 / Ru-10.5 / O-63.1
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Figure 4.11: Powder X-ray diffraction patterns of Ln5Ru2O12 series (Ln = Dy-Tm) ; (a)
calculated powder pattern for Er5Ru2O12; (b) observed powder pattern for 3:2 reaction
between Dy2O3 and RuO2; (c) Observed powder pattern for 3:2 reaction between Ho2O3
and RuO2 (d) observed powder pattern for 3:2 reaction between Er2O3 and RuO2 (e)
observed powder pattern for 3:2 reaction between Tm2O3 and RuO2. Powder patterns b, c,
d and e shows that Ln5Ru2O12 phase is the major product in 3:2 reactions between Ln2O3
and RuO2.
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Crystal Structure of LnRuO3 (Ln = La, Pr, Nd, Sm)
The LnRuO3 (Ln = La, Pr, Nd, Sm) compounds synthesized in this study form in
the GdFeO3 type orthorhombic perovskite structure with space group Pnma (no.62).
Although there are several reports on LnRuO3 compounds, most of the LnRuO3 compounds
has been reported from powders or polycrystalline samples and the single crystal data for
these compounds have not been reported in the literature13,38. Until a recent report on high
pressure synthesis of a series of polycrystalline LnRuO3 (Ln = La-Ho, Y) compounds13,
only the La and Pr analogues of the LnRuO3 perovskite phase were known.39 According to
their study, high pressures (~10-11GPa) are required to get high purity products of the
LnRuO3 phase. In our study we were able to synthesize single crystals of LaRuO3, PrRuO3,
NdRuO3 and SmRuO3 under relatively low pressures (120-170 MPa) by the hydrothermal
method. The crystallographic data, bond distances for these compounds are given in Table
4.12 and Table 4.13.
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Table 4.12. Crystallographic data of LnRuO3 (Ln = La, Pr, Nd, Sm)
empirical
formula
FW
crystal system
crystal
dimension,
mm
space group, Z
T, K
a, Å
b, Å
c, Å
α, ⁰
β, °
ɣ, ⁰
V, Å3
dcalc, g cm-3
μ (Mo Kα),
mm-1
Tmin
Tmax
2θ range
Reflections
collected
Unique
reflections
Observed
reflections
(I>2σ(I))
No. of
Restraints
No. of
Parameters
final R [I>
2σ(I)] R1,
wR2
final R (all
data) R1, wR2
GoF
largest diff.
peak/hole, e/
Å3

La0.81Na0.19RuO3

PrRuO3

NdRuO3

SmRuO3

265.67
289.98

289.98
orthorhombic

293.31
orthorhombic

399.23
orthorhombic

0.03 x 0.02 x
0.02

0.10 x0.04 x
0.03

0.03 x 0.03 x
0.02

0.06 x 0.04 x
0.04

Pnma (no.62), 4
301 (2)
5.5661(5)
7.8584(6)
5.5555(4)
90
90
90
243.00(3)
7.262

Pnma (no.62), 4
302 (2)
5.8954 (4)
7.7031 (5)
5.3241 (3)
90
90
90
241.78 (3)
7.966

Pnma (no.62), 4
273 (2)
5.8918 (3)
7.7131 (4)
5.3302 (3)
90
90
90
242.23 (2)
8.043

Pnma (no.62), 4
302 (2)
5.8778 (3)
7.6520 (4)
5.2784 (2)
90
90
90
237.41 (2)
8.377

20.013

25.870

27.144

30.559

0.0616
0.0998
2.592- 27.999

0.0530
0.0998
4.654-26.479

0.0630
0.0998
4.648-26.458

0.0400
0.0998
4.691-26.451

4755

1925

1620

6321

347

268

265

264

277

268

259

262

12

0

0

0

30

29

29

29

0.0292/ 0.0490

0.0170/0.0433

0.0099/0.0276

0.0103/0.0283

0.0434/ 0.0518

0.0170/0.0433

0.0104/ 0.0284

0.0104/0.0284

1.214

1.458

0.913

1.037

1.734/ -1.483

1.333/-1.098

0.623/-0.494

0.581/-0.516
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Table 4.13: Bond distances of LnRuO3 (Ln = Pr, Nd, Sm)
Ru (1)
Ru (1)-O (1) x 2
Ru (1)-O (1) x 2
Ru (1)-O (2) x 2
Ln (1)
Ln (1)−O (1) x 2
Ln (1)−O (1) x 2
Ln (1)−O (1) x 2
Ln (1)−O (2)
Ln (1)−O (2)

La0.81Na0.19RuO3

PrRuO3

NdRuO3

SmRuO3

2.013 (9)
2.021 (9)
2.018 (2)

2.078 (4)
2.084 (4)
2.017 (2)

2.078 (3)
2.082 (3)
2.019 (1)

2.071 (3)
2.080 (3)
2.017 (1)

La (1)
2.413 (6)
2.680 (6)
2.761 (6)
2.386 (10)
2.547 (10)

Pr (1)
2.356 (4)
2.572 (4)
2.671 (4)
2.332 (6)
2.356 (4)

Nd (1)
2.361 (3)
2.575 (3)
2.672 (3)
2.330 (4)
2.408 (4)

Sm (1)
2.331 (3)
2.541 (3)
2.662 (3)
2.298 (4)
2.371 (4)
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For example the structure of NdRuO3 consists of a framework of corner sharing
RuO6 octahedra connected to each other via tilted octahedra (Figure 4.12a). The RuO6
octahedra are slightly distorted with three different Ru-O bond distances. In NdRuO3 the
Ru-O bond distances varies from 2.019 (1) to 2.082 (3)Å and are comparable to the
Shannon Crystal Radii of Ru3+‒O, 2.03Å.24 The Nd atom is coordinated by eight oxygen
atoms and is present in the gaps created by the Ru-O-Ru network, Figure 4.12b. The NdO bond distances vary from 2.330 (4) to 2.672 (3)Å.
In a previous study on LnRuO3 compounds, significant levels of cation vacancies
(7-11% vacancies) were observed, indicating the presence of mixed Ru3+ and Ru4+ states
in these compounds.13 However, in our study 100% occupancies were observed at
lanthanide, ruthenium and oxygen sites for Pr, Nd and Sm perovskites. The bond valence
sum analysis of Pr, Nd and Sm perovskites show bond valence sums of 2.906, 2.903 and
2.933 for Ruthenium and 3.255, 3.079 and 3.081 for lanthanide respectively (Table 4.14).
This further confirms the presence of Ru3+ oxidation state in Pr, Nd and Sm perovskites.
Also the EDX spectra of Pr and Nd perovskites are shown in Table 4.15 and show an
almost ideal 1:1:3 ratio between Ln:Ru:O atoms. However, the EDX spectrum of LaRuO 3
samples showed the presence of a small amount of Na in the compound. Incorperation of
sodium into the structure is possible as we used 30M NaOH as the mineralizer in this
reaction. In final refinements, 19% of Na and 81% of La were used at the lanthanide site
suggesting a substitutional disorder of sodium at the La site. The final formula
La0.81Na0.19RuO3 suggests an average oxidation state of +3.38 for ruthenium, indicating
that LaRuO3 has mixed Ru3+/Ru4+ states. The bond valence sum analysis on LaRuO 3
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resulted a bond valence of 3.246 for ruthenium and 2.881 for lanthanum which is consistent
with the refined composition.
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Figure 4.12. Different views of NdRuO3 showing the tilting of RuO6 octahedra. (a). A view
of NdRuO3 along the a-axis. This shows the stacking of RuO6 octahedra along the b axis.
(b). A view of NdRuO3 along the b-axis showing the presence of Nd atoms inside the gaps
created by the Ru-O-Ru network.
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Table 4.14: Bond valence analysis of hydrothermally-grown LnRuO3 (Ln = La, Pr, Nd,
Sm)
Ru1-O1
Ru1-O1
Ru1-O1
Ru1-O1
Ru1-O2
Ru1-O2
ΣRu1
Ln 1-O1
Ln 1-O1
Ln 1-O1
Ln 1-O1
Ln 1-O1
Ln 1-O1
Ln 1-O2
Ln 1-O2
ΣLn1

La0.81Na0.19RuO3 PrRuO3

0.547
0.547
0.535
0.535
0.541
0.541
3.246

0.459
0.459
0.452
0.452
0.542
0.542
2.906

NdRuO3
0.459
0.459
0.454
0.454
0.539
0.539
2.903

SmRuO3
0.468
0.468
0.457
0.457
0.542
0.542
2.933

0.521
0.521
0.254
0.254
0.204
0.204
0.561
0.363
2.881

0.551
0.551
0.307
0.307
0.235
0.235
0.587
0.483
3.255

0.518
0.518
0.290
0.290
0.223
0.223
0.562
0.455
3.079

0.519
0.519
0.294
0.294
0.212
0.212
0.567
0.465
3.081
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Figure 4.13: (a) Reported powder pattern for La(OH)3 (00 006 0585),(b) Calculated
powder pattern for La0.81Na0.19RuO3, (c) Observed powder pattern for the 3:2 reaction
between La2O3 : RuO2 indicating a mixture of La0.81Na0.19RuO3 and some La(OH)3
impurity.
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Figure 4.14: (a) Reported powder pattern for Nd(OH)3 (ICSD Coll.Code 398), (b)
Calculated powder pattern for NdRuO3, (c) Observed powder pattern for the 1:3 reaction
between Nd2O3 and RuO2 indicating a mixture of NdRuO3 and minor amount of Nd(OH)3
impurity
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Figure 4.15: (a) Reported powder pattern for Sm(OH)3 (card 01 083 2036 ), (b) Calculated
powder pattern for 9R-BaRuO3, (c) Calculated powder pattern for SmRuO3, (c) Observed
powder pattern for the 1:1:1 reaction between BaO, Sm2O3 and RuO2 indicating that the
product is a mixture of SmRuO3, Sm(OH)3 and 9R-BaRuO3.
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Table 4.15. EDX results for hydrothermally grown LnRuO3 (Ln = La, Pr, Nd)
Experimental Results

Ideal Stoichiometric

(atomic %)

Results (atomic %)

La-13.4 / Na-4.9 /Ru-17.1

La-16.2 / Na – 3.8 /

/O-64.7

Ru-20 / O-60

PrRuO3

Pr-19.5 / Ru-20.0 / O-60.6

Pr-20 / Ru-20 / O-60

NdRuO3

Pr-19.3 / Ru-20.0 / O-60.7

Nd-20 / Ru-20 / O-60

Compound

La0.81Na0.19RuO3
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Crystal Structure of BaRuO3
Ruthenium perovskites in the Sr-Ru-O and Ba-Ru-O systems and the RuddelsdenPopper phases (Sr(n+1)RunO(3n+1)) have attracted a great interest in the field of magnetic
studies.40–43 Therefore, attempts were made to synthesize such compounds hydrothermally
in the form of good quality single crystals. In this study we were able to synthesize the
cubic SrRuO3 phase and two different forms of BaRuO3 (4H and 9R) as single crystals.
However, the crystal size of SrRuO3 ranged between 0.1-0.2mm and the products also
contained impurities like SrCO3. Attempts to synthesize Ruddelsden-Popper phases
hydrothermally was not successful thus far. Improved hydrothermal conditions are
therefore required to obtain good quality single crystals of Sr-Ru-O system for magnetism.
It was observed that different BaRuO3 polytypes grow well under the hydrothermal
conditions used. According to the literature, BaRuO3 can adopt a number of different
structures with no analogues in the Sr-Ru-O system. These different BaRuO3 forms include
four layer (4H), six layer (6H), nine layer (9R) forms44–47. These different BaRuO3
structures have different amounts of face sharing and corner sharing RuO 6 octahedra,
which in turn lead to different physical properties. The 9R form is most common and the
4H form is less common. The 4H BaRuO3 was originally synthesized at very high pressure
conditions (~3GPa) .45,46 Several groups also reported the synthesis of this phase at ambient
pressure by a flux method using a mixture of fluxing compounds.44,47 It is believed that the
presence of additional compounds such as WO3 in the reaction medium facilitate the
growth of the 4H-BaRuO3 at ambient pressure. However, in this study we obtained both
4H and 9R BaRuO3 phases by hydrothermal route at relatively low pressures (120-200
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MPa) by only using BaO, RuO2 and NaOH mineralizer. The single crystal data of 4H and
9R BaRuO3 is given in Table 4.16 and 4.17.
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Table 4.16. Crystallographic data of 4H and 9R BaRuO3
empirical formula
FW
crystal system
crystal dimension, mm
space group, Z
T, K
a, Å
c, Å
V, Å3
dcalc, g cm-3
μ (Mo Kα), mm-1
Tmin
Tmax
2θ range
Reflections collected
Unique reflections
Observed reflections
(I>2σ(I))
No. of Restraints
No. of Parameters
final R [I> 2σ(I)] R1,
wR2
final R (all data) R1,
wR2
GoF
largest diff. peak/hole,
e/ Å3

4H-BaRuO3
286.41
hexagonal
0.042 x 0.032 x 0.021
P63/mmc (no 194),4
301(2)
5.7114(2))
9.4873(5)
268.01(2)
7.098
19.980
0.6703
0.7461
4.108- 26.374
7417
132

9R-BaRuO3
286.41
trigonal
0.051 x 0.048 x 0.043
R -3 (no 148)/ 9
273(2)
5.7483(2)
21.6084(7)
618.35(5)
6.922
19.485
0.0642
0.0998
2.828- 26.474
4819
292

116

260

0
17

0
27

0.0171/ 0.0237

0.0120/ 0.0249

0.0238/ 0.0247

0.0149/ 0.0261

1.242

1.174

1.218/ -0.700

0.654/ -1.287
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Table 4.17. Selected bond distances of 4H and 9R BaRuO3
Ru (1)-O (1) x 3
Ru (1)-O (2) x 3
Ru (1)-Ru (1)

4H-BaRuO3
1.988 (1)
1.994 (4)
2.522 (2)

9R-BaRuO3
1.977 (1)
2.002 (2)

Ru (2)-O (2) x 6
Ru (1)-Ru (2)

-

2.004 (2)
2.527 (1)

Ba (1)-O (2) x 6
Ba (1)-O (1) x 6

2.857 (1)
2.889 (1)

Ba (1)-O (2) x 6
Ba (1)-O (2) x 3
Ba (1)-O (1) x 3

Ba (2)-O (1) x 6
Ba (2)-O (2) x 6

2.856 (1)
2.945 (4)

2.874 (1)
2.928 (2)
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2.880 (3)
2.957 (3)
2.995 (1)

The 4H-BaRuO3 compound synthesized in this study crystallize in a hexagonal
structure with space group P63/mmc (no 194), while the 9R-BaRuO3 crystallizes in a
trigonal structure with space group R-3 (no 148). The 4H-BaRuO3 structure consists of
face sharing RuO6 octahedra via O(2) to make Ru 2O9 units. The Ru(1)-O bond distances
in 4H-BaRuO3 range from 1.988(1) and 1.994(4)Å, forming distorted octahedra. The
Ru2O9 units corner share with each other via O(1) (Figure 4.16a). the stacking pattern
repeats after four RuO6 octahedra along the c-axis (Figure 4.17a,). In contrast, the 9RBaRuO3 consists of two crystallographically distinct Ru atoms. While the Ru(1)-O bond
distance vary between 1.977(1) and 2.002(2)Å resulting in distorted octahedra, all the
Ru(2)-O bond distances are 2.004(2)Å resulting in ideal octahedra. In 9R-BaRuO3 three
RuO6 octahedra are face sharing via O(2) to make Ru3O12 units (Figure 4.16b) connected
to each other via O(1) (Figure 4.17b). The stacking pattern in 9R-BaRuO3 is repeated after
nine RuO6 units. Both compounds contain 12-coordinated Ba atoms. In the literature both
4H- and 9R-BaRuO3 are described as perovskite related compounds because of the corner
sharing nature of the Ru2O9 and Ru3O12 units.
In 4H-BaRuO3 the average Ru-O bond distance of 1.982Å. In 9R-BaRuO3 the
average Ru (1)-O distance is 1.988Å and the average Ru(2)-O bond distance is 2.004Å.
These Ru-O bond distances are similar to the reported Ru-O bond distances for tetravalent
Ru such as in Ba4ZrRu3O12 (2.001 Å) and Ba3TiRu2O9 (1.998 Å).48,49 The Ru-Ru bond
distances in both 4H- and 9R-BaRuO3 are in the range of 2.522(2) - 2.527(1)Å, which is
smaller than the Ru-Ru distance in ruthenium metal, (2.65 Å) suggesting the presence of
metal-metal bonding. It has been observed that the Ru-Ru distance in the ruthenium
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compounds are strongly related to the average ruthenium oxidation state.50 The Ru-Ru
bond distances observed for 4H- and 9R-BaRuO3 compounds are comparable with the RuRu bond distances found in ruthenium compounds with tetravalent ruthenium such as
Ba4ZrRu3O12 (2.529(6) Å)48, Ba3TiRu2O9 (2.515 Å)49 and Ba4Ru3O10 (2.568 Å)51.
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Figure 4.16: Difference in the Ru clusters in 4H-BaRuO3 vs 9R-BaRuO3; (a) Ru2O9 units
in 4H-BaRuO3, (b) Ru3O12 units in 9R-BaRuO3
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Figure 4.17: Connectivity of Ru2O9 dimers in 4H-BaRuO3 and Ru3O12 trimers in 9RBaRuO3 along c axis; (a) The stacking of Ru2O9 dimers in 4H-BaRuO3 along the c-axis.
The stacking pattern repeats after four RuO6 octahedra (b) The stacking of Ru3O12 trimers
in 9R-BaRuO3 along the c-axis. The stacking pattern repeats after nine RuO6 octahedra
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Figure 4.18: Powder patterns of the 1:1:1 reaction between BaO, Ln2O3 and RuO2 (Ln =
La, Pr, Nd); (a) Calculated powder pattern for BaCO3 , (b) Reported powder pattern for
La(OH)3 (card 00 006 0585), (c) Calculated powder pattern for 9R-BaRuO3, (d) Calculated
powder pattern for 4H-BaRuO3, (e) Observed powder pattern for the 1:1:1 reaction
between BaO, La2O3 and RuO2, (f) Observed powder pattern for the 1:1:1 reaction between
BaO, Pr2O3 and RuO2, (g) Observed powder pattern for the 1:1:1 reaction between BaO,
Nd2O3 and RuO2
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Figure 4.19: Powder patterns of the 1:1:1 reaction between BaO, Ln2O3 and RuO2 (Ln =
Eu, Gd); (a) Reported powder pattern for Sm(OH) 3 (card 01 083 2036), (b) Calculated
powder pattern for 9R-BaRuO3, (c) Reported powder pattern for Nd2Ru2O7 (card 01 086
1214), (d) Calculated powder pattern for 4H-BaRuO3, (e) Observed powder pattern for the
1:1:1 reaction between BaO, Eu2O3 and RuO2, (f) Observed powder pattern for the 1:1:1
reaction between BaO, Gd2O3 and RuO2
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Figure 4.20: Powder patterns of the 1:1:1 reaction between BaO, Ln2O3 and RuO2 (Ln =
Dy, Ho, Tm, Lu); (a) Reported powder pattern for TmO(OH) (card 01 119 1362), (b)
Calculated powder pattern for 4H-BaRuO3, (c) Calculated powder pattern for 9R-BaRuO3,
(d) Calculated powder pattern for Er5Ru2O12, (e) Observed powder pattern for the 1:1:1
reaction between BaO, Dy2O3 and RuO2, (f) Observed powder pattern for the 1:1:1 reaction
between BaO, Ho2O3 and RuO2, (g) Observed powder pattern for the 1:1:1 reaction
between BaO, Tm2O3 and RuO2, (h) Observed powder pattern for the 1:1:1 reaction
between BaO, Lu2O3 and RuO2
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Conclusions from the Hydrothermal Ruthenate Reactions
In this study reactions between RuO2 and Ln2O3 were examined under different
hydrothermal conditions. This led to the identification of several new rare-earth ruthenates
as well as some other interesting ruthenium compounds previously known in literature, all
as good quality single crystals. Compounds with average ruthenium oxidation states of +5,
+4, +4.5, as well as the not so common +3, were identified with interesting structural
frameworks. Ru-Ru bonds were also observed in some compounds such as Ln5Ru2O12 and
BaRuO3.
In this study most of the products were obtained in basic mineralizers (10-30M
NaOH) as good quality single crystals. There are many synthetic issues that still need to be
addressed related to structure types that well-known but not extremely common for
ruthenium such as ruthenium perovskites and ruthenium pyrochlores. Most of these
compounds were previously prepared as powders so data from single crystals was not
available. In this study we were able to synthesize these compounds as good quality single
crystals. In previous works on ruthenates, site disorder and lattice defects were common
problems. In this study however, the ruthenium compounds were typically obtained with
minimal site disorder.
It was observed that the mineralizer and temperature play an important role in
determining the quality of the ruthenium crystals. Also, the Ln:Ru ratio and the size of the
rare-earth ion played an important role in the identification of different structure types.
Basic mineralizers such as NaOH, KOH and temperatures between 600-650 ⁰C facilitated
the growth of the rare-earth ruthenium compounds in this study. These hydrothermal
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conditions revealed a rich chemistry with various structure types across the f-block. Similar
to the rhenium chemistry, this work demonstrates the flexibility of ruthenium as a building
block in rare-earth oxides.
In most cases it was observed that the large rare-earth ions La, Pr and Nd behave
differently from the rest of the rare-earth ions in the f-block leading to interesting structure
types with ruthenium. For example, with a 1:2 Ln2O3:RuO2 ratio, high quality single
crystals of the novel Ln2RuO5OH compounds were isolated with larger lanthanides, La, Pr
and Nd. It is interesting to see that these compounds are structurally similar to the novel
Ln2TaO5OH compounds which are recently reported by our group.23 With 3:2 Ln2O3:RuO2
ratio, the perovskite type La0.81Na0.19RuO3, PrRuO3 and NdRuO3 compounds were identified
as good quality single crystals. We also obtained analogous SmRuO3 by using BaO in the
reaction medium. It can be assumed that BaO act as a mineralizer in this case to facilitate
the growth of SmRuO3. Synthesis of rare-earth ruthenium perovskites with site disorder
had always been an issue in the past and our new reactions result in minimal site disorder.
In a previous study on LnRuO3 compounds, significant levels of cation vacancies (7-11%)
was observed.13 Also no single crystal data of rare-earth ruthenium perovskites were known
up to date.
In most cases it was observed that medium size rare earth ions (Sm-Gd) have a
tendancy to form high quality single crystals of the pyrochlore phase, while the smaller
sizeed rare-earth ions form the Ln5Ru2O12 phase. However, it is also possible to obtain the
Ln5Ru2O12 phase with medium size rare-earth ions by using an excessive amount of Ln2O3
in the reaction medium. While the Ln5Ru2O12 compounds are known for Pr-Tb , there is

202

no evidence for thsi phase containing the small rare-earth ions previously. Therefore, the
identification of the Ln5Ru2O12 compounds for the small size rare-earth ions in this study
completes the gaps in this series.
The synthesis of the 4H-BaRuO3 phase at low pressure is also interesting since in
literature it is reported as a high-pressure phase forming above 15 kbar. This phase has also
been prepared at ambient pressures by a flux method using a mixture of compounds. It is
believed that the presence of compounds such as WO3 in the reaction medium facilitate the
growth of 4H-BaRuO3 at ambient pressure. In our study however, we were able to grow
4H-BaRuO3 hydrothermally by using BaO and RuO2 with NaOH mineralizer using
relatively low pressures between 120-170 MPa.
It can be concluded that the hydrothermal route is a successful method to grow rareearth ruthenates as high quality single crystals with minimum site disorder compared to the
high temperature solid state techniques or flux methods. Optimizing these reaction
conditions to grow large single crystals of these materials will enable further physical
characterization such as magnetism, which could open the door for future applications as
complex magnetic materials, scintillator hosts and other uses.
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CHAPTER FIVE

EXPLORATORY HYDROTHERMAL SYNTHESIS
OF RARE-EARTH TUNGSTATES
Introduction
Rare-earth tungstates have gained much attention due to their high density as well
as high mechanical, chemical and optical properties.1–3 For example scheelite type alkalirare earth double tungstates with the general formula ALn(WO 4)2 (A = alkali, Ln = rare
earth) are known as good laser materials with high chemical and physical stabilities.4–8
Several compounds with the formula Ln6 WO12 have been reported to be proton
conductors.9,10 A range of Ln2WO6 compounds were investigated for their chemical
resistance, high refractive index and luminescence.11 However, the number of rare-earth
tungsten compounds known up to date is relatively small. It is known that tungsten can
exist in different oxidation states between +2 and +6 and also in many different
coordination environments. The combination of tungsten with rare-earth ions can be
expected to produce many interesting compounds with interesting physical properties,
however the identification of new rare-earth tungstates is hindered by several issues related
to the synthesis. Only a few synthetic methods have been successful in preparing rare-earth
tungstates. Most studies use high temperature routes to prepare rare earth tungsten
compounds and this generally results in the formation of crystalline powders.1,12–14
Although the Czochralski method has been used to grow single crystals of rare-earth
tungstates, it led to several issues such as cracks in the crystals, gas bubble formation during
growth and non-uniformity in dopant substitution.1,15

208

Among the different synthetic methods used to prepare rare-earth tungstates, a low
temperature (120-200 ⁰C) hydrothermal method has become a commonly used technique.
The low temperature hydrothermal route led to the formation of a numbe of nano/micro
size rare earth tungstate compounds with interesting architectures.16 Over the previous
years we were successful in the use of high temperature hydrothermal fluids between 500700 ⁰C to synthesize well grown single crystals of novel metal oxides.17,18 Therefore, we
focused on temperatures typically between 600-650 ⁰C in this study. Since other heavy
transition metal tetravalent oxides like as ReO2 and RuO2 display such interesting
chemistry under the hydrothermal conditions, tetravalent WO2 building block was used as
the tungsten precursor in this study. This approach led to the formation of several novel
rare earth tungsten compounds with complex and interesting structures, which will be
discussed below.
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Experimental Methods for Rare-Earth Tungstates
All the reagents including WO2 (Alfa Aesar, 99.9%), La2O3 (Alfa Aesar, 99.999%),
Pr2O3 (Alfa Aesar, 99.9%), Nd2O3 (Alfa Aesar, 99.9%), Sm2O3 (Alfa Aesar, 99.9%), Eu2O3
(Alfa Aesar, 99.9%), Gd2O3 (Alfa Aesar, 99.9%) Tb4O7 (Alfa Aesar, 99.9%), Dy2O3
(Strem,99.9%), Ho2O3 (Strem, 99.9%), Er2O3 (Alfa Aesar, 99.9%), Tm2O3 (Strem, 99.9%),
Yb2O3 (Strem, 99.9%) Lu2O3 (Strem 99.9%), KF (Alfa Aesar, 99.9%) were purchased
commercially and used without further purification. In each reaction approximately 0.2g
of starting materials were loaded into 2.5 in. silver tubes with outer diameters of ¼ in. with
0.4ml of mineralizer. Specific synthetic details on different rare-earth tungstates are
described below.
As a specific example, La12W7O36(OH)4 was grown by the reaction of La2O3 and
WO2 in a molar ratio of 1:3. A total of 0.4 g of reactants (La 2O3: 0.1276 g; WO2: 0.2724
g)) were loaded with 0.8 mL of deionized water into the silver ampoules and heated to 650
⁰C for 12 days. After the reaction period, black block-like single crystals (size ~ 0.1 mm)
were isolated with about 50% yield along with the minor impurity of La(OH)3.
As another specific example, green color block shape Pr11W3O20(OH)11 single
crystals (~0.2-0.3mm) were grown by a reaction of Pr2O3 and WO2 in a molar ratio of 1:1.
A total of 0.2 g of reactants (Pr2O3: 0.1209 g; WO2: 0.0791) were loaded with 0.4 mL of
1M KF into the silver ampoules and heated to 600 ⁰C for 6 days. After the reaction period
green color block shaped crystals were identified as the major product (~70%) with the
minor impurity of Pr(OH)3.
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Purple

color

Nd11W3O20(OH)3F8 single

crystals

(size~0.1-0.2mm)

were

synthesized by a reaction between Nd2O3 and WO2 in a molar ratio of 1:1. A total of 0.2 g
of reactants (Nd2O3: 0.1218 g; WO2: 0.0782) were loaded with 0.4 mL of 1M KF into the
silver ampoules and heated to 600 ⁰C for 6 days. After the reaction period purple color
block shaped crystals were identified as the only product (~60%).
Single crystals of Ln2WO6 type compounds were synthesized by using 1:1 ratio
between Ln2O3 (Ln = Sm, Eu) and WO2. As a specific example, single crystals of Sm2 WO6
was synthesized by a reaction between Sm2O3 and WO2 in a molar ratio of 1:1. A total of
0.2g of reactants (Sm2O3: 0.1235g; WO2 0.0765g) were loaded with 0.4 mL of 1M KF into
the silver ampoules and heated to 600 ⁰C for 6 days. The reaction with Sm resulted 0.10.2mm size colorless block shaped crystals as the major product (50%) with the common
impurity of Sm(OH)3 (30%) as a minor product. The reaction with Eu resulted 0.1mm size
block shaped colorless crystals of Eu2WO6 as the only product with approximately 50%
yield.
As a specific example, single crystals of KTb26W6 O53F9 (size~0.1mm) phase were
synthesized by a reaction between Tb4O7 and WO2 in a molar ratio of 1:1. A total of 0.2 g
of reactants (Tb4O7: 0.1552 g; WO2: 0.0448g) were loaded with 0.4 mL of 1M KF into the
silver ampoules and heated to 600 ⁰C for 6 days. After the reaction period colorless block
shaped crystals (~0.1mm) of KTb26W6O53F9 was isolated as the major product (~60%
yield) with the minor impurity of Tb(OH) 3.
Single crystals of KLn(WO4)2 phase was synthesized by using 1:3 stoichiometric
ratio between Ln2O3 (Ln = La, Pr, Nd, Sm-Lu) and WO2. As a specific example single
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crystals of KLa(WO4)2 was grown by a reaction of La2O3 and WO2 in a molar ratio of 1:3.
A total of 0.4 g of reactants (La2O3: 0.1339 g; WO2: 0.2661 g)) were loaded with 0.8 mL
of 1M KF into the silver ampoules and heated to 650 ⁰C for 12 days. After the reaction
period, colorless block shaped single crystals (~0.1mm) of KLa(WO4)2 phase was isolated
as the only product with approximately 50% yield while the reaction with Pr produced
green color block shaped single crystals (~0.1mm) of KPr(WO4)2 as the only product with
60% yield. Other rare-earth ions (Sm-Lu) also produced colorless block shaped single
crystals (~0.1mm) of KLn(WO4)2 phase as the only product in approximately 40-50%
yield.
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In this study we targeted the exploratory synthesis of new lanthanide-containing
tungstates via high temperature hydrothermal methods. This approach turns out to be quite
rich and a number of novel rare earth tungstates can be prepared as high quality single
crystals. It was observed that the product distribution is very sensitive towards the
mineralizer, stoichiometry and the size of the rare earth ion. In this chapter we describe the
reactions performed with 1:1 and 1:3 stoichiometric ratios between Ln2O3 and WO2.
One set of reactions we describe in this chapter was performed using 1:3
stoichiometric ratio between Ln2O3 and WO2. These reactions were carried out without a
mineralizer (with deionized water) as well as with 1M KF mineralizer. The only product
obtained with deionized water in this study is La12W7O36(OH)4 . All the other lanthanides
resulted thin fibers of WO3 phase. This led us to think of what the results might be if a
mineralizer was used. It should be noted that the use of hydroxide mineralizers (ex: NaOH,
KOH, CsOH) only produced Ln(OH)3 or LnOOH crystals under hydrothermal conditions.
Therefore other mineralizer types were tested with WO2 and Ln2O3.

Use of CsF

mineralizer under these hydrothermal conditions only yielded single crystals of LnF3
phases. Reactions were also performed with KF mineralizers with different concentrations.
Although similar products were obtained at higher KF concentrations (2M, 3M), the crystal
quality became poor when KF concentrations above 1M was used. Therefore, 1M KF was
used as the mineralizer for most reactions in this study.
A series of reactions were carried out with 1:3 stoichiometric ratio between Ln2O3
and WO2 in 1M KF. Interestingly, all these reactions produced single crystals of the
KLn(WO4)2 (Ln = La, Pr, Sm-Lu) double tungstates. The addition of 1M KF mineralizer
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also provided the suitable conditions to crystallize rare earth tungstates of medium and
small size rare earth ions. It should be noted that most of the rare earth double tungstates
ALn(WO4)2 (A=Li, Na, K, Rb; Ln = rare earth) known to date are synthesized by
czochralski, flux and top seed solution growth methods. 19–21 These high temperature
synthetic routes often leads to a structure with C2/c space group.21 The structural chemistry
and optical properties of this structure type is widely studied in literature. However, the
hydrothermal reaction conditions we used in this study produced two different structure
types for KLn(WO4)2 type compounds. It was observed that medium and small size rare
earth ions (Sm-Lu) result the above mentioned structure type with C2/c space group.
However, we observed that larger rare earth ions (La and Pr) crystallize in a different
structure with C2/m space group that is not well known in literature. The structures of La
and Pr compounds will be discussed in detail below.
The interesting results we obtained from 1:3 stoichiometric ratio led us to naturally
think of what the results might be with other stoichiometric ratios between Ln2O3 and WO2.
Therefore, a set of reactions were carried out across the rare earth series with 1:1
stoichiometric ratios between Ln2O3 and WO2 and this resulted many novel rare earth
tungstate compounds. These reactions were also carried out in 1M KF mineralizer and this
resulted a series of products including Pr11W3O20(OH)11 ,Nd11W3O20(OH)3F8, Ln2 WO6
(Sm, Eu) and KTb26 W6O53F9. However, similar reactions with smaller lanthanides (Dy-Lu)
did not produce single crystals and yielded thin fibers of WO3 phase. The structural details
of these novel compounds obtained during this study will be discussed in detail below.
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Table 5.1. Crystallographic data of La12W7O36(OH)4
empirical formula
FW
crystal system
crystal dimension, mm
space group, Z
T, K
a, Å
b, Å
c, Å
β, °
V, Å3
dcalc, g cm-3
μ (Mo Kα), mm-1
Tmin
Tmax
2θ range
Reflections collected
Unique reflections
Observed reflections
(I>2σ(I))
No. of Restraints
No. of Parameters
final R [I> 2σ(I)] R1,
wR2
final R (all data) R1,
wR2
GoF
largest diff. peak/hole,
e/ Å3

La12W7O36(OH)4
3597.90
Monoclinic
0.030 x 0.055 x 0.034
C 2/ m (no12), 1
294(2)
7.9777(5)
7.9478(5)
13.3741(9)
100.925(2)
832.62(9)
7.176
39.190
0.021
0.349
3.103-28.371
14456
1119
1041
12
93
0.0452/0.1012
0.0490/0.1028
1.102
2.191/-5.360
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Table 5.2. Bond distances and angles of La12W7O36(OH)4
W(1)
W (1)−O (9) x 4
W (1)−O (6) x 2
W (1)−O (7) x 4

1.876 (3)
1.904 (1)
1.942 (2)

W (2)−O (5)
W (2)−O (2)
W (2)−O (2)
W (2)−O (1)
W (2)−O (4)
W (2)−O (3)

1.743 (1)
1.901 (1)
1.901 (1)
1.919 (2)
1.959 (2)
2.251 (2)

W (3)−O (3) x 2
W (3)−O (7) x 4
W (3)−O (9) x 4

1.969 (2)
2.207 (2)
2.241 (3)

La (1)-O (7)
La (1)-O (4)
La (1)-O (3)
La (1)-O (2)
La (1)-O (9)
La (1)-O (2)
La (1)-O (6)
La (1)-O (1)

2.441 (2)
2.501 (1)
2.534 (1)
2.542 (1)
2.570 (2)
2.574 (1)
2.601 (1)
2.643 (1)

La (2)-O (8)
La (2)-O (8)
La (2)-O (1)
La (2)-O (2)
La (2)-O (2)
La (2)-O (4)
La (2)-O (5)

2.383 (1)
2.383 (1)
2.416 (1)
2.487 (1)
2.487 (2)
2.509 (2)
2.546 (2)
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Crystal Structure of La12W7O36(OH)4
The novel La12W7O36(OH)4 compound synthesized in this study crystalize in a monoclinic
structure in space group C2/m (No.12). The unit cell parameters and bond distances are
given in Tables 5.1 and 5.2, respectively. The structure of La12W7O36(OH)4 consists of
three crystallographically distinct W atoms which are all six coordinated. The W(1)O6 and
W(3)O6 polyhedra are corner shared through O(7) and O(9) to make slabs along the ab
plane( Figure 5.1(a)). The W(2)O6 polyhedra are corner shared with W(3)O6 polyhedra
via O(3) (Figure 5.1 (b)). In this structure, there are two crystallographically distinct La
ions with La(1) being eight coordinated while La(2) is seven coordinated. The La(1)O 8
and La(2)O7 polyhedra exist in the voids created by WO6 polyhedra. The W(2)O6
polyhedra on each slab are edge shared with La(2)O7 polyhedra through oxygen atoms
(Figure 5.2a). The La(1)O8 polyhedra form slabs in the ab-plane by face sharing via O(1),
O(3) and O(6) and also by corner sharing via O(2) (Figure 5.2b). These slabs connect to
each other via O(7) and O(9). These slabs further connect with the La(2)O 7 polyhedra via
O(2) and O(4) to make a 3 dimensional La-O-La network (Figure 5.2c).
In this structure the W(1)-O bond distances vary between 1.876 (3) and 1.9422
(0.0225) Å, W(2)-O bond distances vary between 1.743 (1) and 2.251 (1) Å, W(3)-O bond
distances vary between 1.969 (1) and 2.241 (3) Å. According to the bond valence
calculations (Table 5.3.) W(1) has a BVS of 6.244, W(2) has a BVS of 6.050 and W(3)
has a BVS of 3.52, which suggests that W(1) and W(2) are in +6 oxidation state while
W(3) is in +4 oxidation state. The average W-O bond distance for W(1) and W(2) are 1.907
Å and 1.946 Å, respectively, which is consistent with the Shannon radii of 1.95 Å for W6+-
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O.22 The average W-O bond distance for W(3) is 2.139 Å and is consistent with the
Shannon radii of 2.01 Å for W4+-O.22 The La(1)-O distances vary between 2.441 (2) and
2.643 (1) Å and the La(2)-O bond distances vary between 2.383 (1) and 2.546 (1) Å. The
bond valence calculations show that both La ions are in +3 oxidation state as expected.
The presence of OH in the structure was confirmed by analyzing the under bonded
oxygens in the structure as well as by IR analysis. The IR spectrum shows a sharp peak at
3597 cm-1 which corresponds to the OH region (Figure 5.3). The sharpness of the peak is
indicative of a coordinated OH group. These hydrogen atoms are connected to the O8
atoms in La(2)O7 polyhedra. The EDX spectrum of La12W7O36(OH)4 is shown in Figure
5.4 and is consistent with La:W:O ratio in the formula.
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Figure 5.1: (a) Unit cell of La12W7O36(OH)4 showing the connectivity of W(1)O6 and
W(3)O6 polyhedra. The polyhedra connect with each other via O(7) and O(9) by corner
sharing. (b) Unit cell of La12 W7O36(OH)4 showing the connectivity of W(1)O6 and W(3)O6
polyhedra with W(2)O6 polyhedra. The W(2)O6 polyhedra connect with W(3)O6 polyhedra
by corner sharing via O(3).
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Figure 5.2: (a) A view of La12W7O36(OH)4 showing the connectivity of WO6 polyhedra
with La(2)O7 . The W(2)O6 polyhedra in each slab are connected to La(2)O7 polyhedra.
The La(2)O7 polyhedra are edge sharing with one another via oxygen (b) A view of
La12W7O36(OH)4 showing the slabs made by La(1)O8 polyhedra. The La(1)O8 polyhedra
generate slabs on the ab-plane by face sharing via O(1), O(3) and O(6), and also by corner
sharing via O(2). These slabs connect to each other via O(7) and O(9). (c) A view of the
3D La-O-La network
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Table 5.3: Bond valence analysis of hydrothermally-grown La12W7O36(OH)4
W (1)−O (9) x 2
W (1)−O (6) x 2
W (1)−O (7) x 2
ΣW (1)

2.260
2.096
1.888
6.244

W (2)−O (5)
W (2)−O (2) x 2
W (2)−O (1)
W (2)−O (4)
W (2)−O (3)
ΣW (2)

1.619
2.112
1.007
0.903
0.409
6.050

W (3)−O (3)
W (3)−O (3)
W (3)−O (7) x 2
W (3)−O (9) x 2
ΣW(3)

0.879
0.879
0.924
0.842
3.523

La (1)-O (7)
La (1)-O (4)
La (1)-O (3)
La (1)-O (2)
La (1)-O (9)
La (1)-O (2)
La (1)-O (6)
La (1)-O (1)
ΣLa (1)

0.483
0.411
0.376
0.368
0.342
0.338
0.314
0.280
2.911

La (2)-O (8) x 2
La (2)-O (1)
La (2)-O (2) x 2
La (2)-O (4)
La (2)-O (5)
ΣLa (2)

1.132
0.518
0.854
0.403
0.364
3.269
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Figure 5.3: IR spectrum of La12W7O36(OH)4
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Figure 5.4: EDX spectrum of La12 W7O36(OH)4
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Table 5.4. Crystallographic data of Pr11W3O20(OH)11, Nd11W3O20(OH)6F5 and
KTb26W6O53F9
empirical formula
FW
crystal system
crystal
dimension, mm
space group, Z
T, K
a, Å
c, Å
V, Å3
dcalc, g cm-3
μ (Mo Kα), mm-1
Tmin
Tmax
2θ range
Reflections
collected
Unique
reflections
Observed
reflections
(I>2σ(I))
No. of Restraints
No. of
Parameters
final R [I> 2σ(I)]
R1, wR2
final R (all data)
R1, wR2
GoF
largest diff.
peak/hole, e/ Å3

Pr11W3O20(OH)11
2608.65
trigonal
0.085 x 0.042 x
0.040
R -3 m (no166), 6
298(2)
11.8003(2)
30.1043(12)
3630.32(19)
7.159
35.983
0.0171
0.0511
2.029-27.491

Nd11W3O20(OH)6F5
2655.21
trigonal
0.032 x 0.032 x
0.021
R -3 m (no166), 6
301(2)
11.7271(2)
29.9264(10)
3564.23(17)
7.422
38.147
0.0229
0.0511
2.424-24.998

16857

39925

1068

1049

1030

867

16

20

110

96

0.0180, 0.0374

0.0284/0.0475

0.0193, 0.0379

0.0435/0.0656

1.137

1.741

2.186/-1.372

2.440/-2.661

KTb26W6O53F9
6293.32
trigonal
0.041 x 0.034 x 0.022
R -3 m (no166), 6
301(2)
15.7087(3)
18.4870(10)
3950.7(3)
7.935
47.629
0.0162
0.0511
3.191-26.495
17122
1013
962
0
91
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0.0426/0.0950
0.0446/0.0958
1.269
2.469/-1.781

Table 5.5. Bond distances and angles of Pr11W3O20(OH)11 and Nd11W3O20(OH)6F5
W(1)
W (1)−O (10)
W (1)−O (9) x 2
W (1)−O (8)
W (1)−O (2) x 2

Pr11W3O20(OH)11
1.805 (5)
1.862 (4)
1.936 (5)
2.020 (1)

Nd11W3O20(OH)6F5
1.814 (10)
1.861 (8)
1.960 (11)
2.016 (2)

Pr (1)
Pr (1)−O(4) x 2 2.343 (8)
Pr (1)−O (1) x 6 2.544 (5)

Nd (1)
Nd (1)−O (4) x 2 2.323 (2)
Nd (1)−F (1) x 6
2.534 (2)

Pr (2)
Pr (2)−O (6) x 2 2.407 (3)
Pr (2)−O (1) x 2 2.431 (3)
Pr (2)−O (9) x 2 2.482 (4)
Pr (2)−O (8) x 2 2.553 (3)
Pr (3)
Pr (3)−O (5) x 2 2.414 (3)
Pr (3)−O (1)
2.419 (5)
Pr (3)−O (9) x 2 2.460 (4)
Pr (3)−O (3) x 2 2.468 (3)
Pr (3)−O (4)
2.475 (3)
Pr (3)−O (7)
2.713 (6)
Pr (4)
Pr (4)-O (10) x
2.498 (5) x 6
6
Pr (4)-O (2) x 6 2.630 (5) x 6
Pr (5)
Pr (5)-O (6) x 3 2.477 (5)
Pr (5)-O (8) x 3 2.507 (5)
Pr (5)-O (7) x 3 2.772 (5)
Pr (6)
Pr (6)-O (5)
2.359 (5)
Pr (6)-O (6)
2.399 (5)
Pr (6)-O (2)
2.491 (6)
Pr (6)-O (10)
2.554 (5)
Pr (6)-O (7) x 2 2.585 (1)
Pr (6)-O (9) x 2 2.666 (4)
Pr (6)-O (3) x 2 2.727 (2)

Nd (2)
Nd (2)−O (6) x 2 2.4030 (7)
Nd (2)−F (1) x 2
2.4215 (6)
Nd (2)−O (9) x 2 2.4654 (7)
Nd (2)−O (8) x 2 2.5335 (7)
Nd (3)
Nd (3)−O (5) x 2 2.3964 (6)
Nd (3)−F (1)
2.4152 (1)
Nd (3)−O (9) x 2 2.4343 (8)
Nd (3)−O (3) x 2 2.4426 (6)
Nd (3)−O (4)
2.4635 (7)
Nd (3)−O (7)
2.7138 (1)
Nd (4)
Nd (4)-O (10) x 6

2.4915 (1)

Nd (4)-O (2) x 6
2.6242 (1)
Nd (5)
Nd (5)-O (6) x 3
2.430 (1)
Nd (5)-O (8) x 3
2.464 (1)
Nd (5)-O (7) x 3
2.742 (1)
Nd (6)
Nd (6)-F (5)
2.331 (1)
Nd (6)-O (6)
2.380 (1)
Nd (6)-O (2)
2.477 (1)
Nd (6)-O (10)
2.518 (1)
Nd (6)-O (7) x 2
2.562 (3)
Nd (6)-O (9) x 2
2.657 (8)
Nd (6)-O (3) x 2
2.713 (5)
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3.3. Crystal Structure of Pr11W3O20(OH)11 and Nd11W3O20(OH)6F5
The novel Pr11W3O20(OH)11 and Nd11W3O20(OH)3F8 compounds are isostructural
and crystalize in a trigonal structure with space group R-3m (no.166). The crystallographic
data for these two compounds are given in Tables 5.4 and 5.5. The structure of
Pr11W3O20(OH)11 is described in detail below as a representative example. It consists of
WO6 octahedra corner sharing via O(2) to make isolated W3O15 trimers (Figure 5.5a and
5.5b). Although W3O15 groups are often observed as a part of complex polyoxotungstate
frameworks, isolated W3O15 clusters are not common in literature. 23,24 The structure
contains six crystallographically distinct Pr ions which create two different types of slabs
that alternate along the c-axis (Figure 5.6a). The first type of slab is created by the
connectivity of Pr(1)O8, Pr(2)O8 and Pr(5)O9 polyhedra by edge sharing through oxygen
along the ab-plane (Figure 5.6b). The W3O15 trimers are connected to these slabs via O8
and O9 (Figure 5.6c). The second type of slab is created by Pr(4)O12, Pr(3)O9 and Pr(6)O10
polyhedra, (Figure 5.7a). The Pr(3)O9 and Pr(6)O10 polyhedra connect to each other by
edge sharing through oxygen and create a Pr-O-Pr network in the ab-plane. Pr(4)O12
polyhedra exist in the voids created by Pr(3)O9 and Pr(6)O10 polyhedra (Figure 5.7b). and
connect with the W3O15 trimers via O(2) and O(10) (Figure 5.7c).
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Figure 5.5: (a) A view of Pr11W3O20(OH)11 down the b-axis showing isolated W3O15
trimers. (b) The W3O15 trimer made by three WO6 octahedra by corner sharing through
O(2)
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Figure 5.6. (a) A view of Pr11W3O20(OH)11 showing the two types of Pr-O slabs alternating
along the c-axis. Different color intensities represent different slabs. The light blue
polyhedra represent Pr(1), Pr(2) and Pr(5). Purple polyhedra represent Pr(3), Pr(4) and
Pr(6). (b) A view of Pr11W3O20(OH)11 showing slabs made by Pr(1)O8, Pr(2)O8 and Pr(5)O9
polyhedra (c) The W3O15 trimers are connected to the slabs made by Pr(1), Pr(2) and Pr(5)
via O8 and O9.

228

Figure 5.7. (a) A view of Pr11W3O20(OH)11 showing slabs made by Pr(4)O12, Pr(3)O9 and
Pr(6)O10 polyhedra. (b) The Pr(3)O9 and Pr(6)O10 polyhedra connect to each other by edge
sharing through oxygen and create a Pr-O-Pr network in the ab-plane. Pr(4)O12 polyhedra
(dark purple) exist in the voids created by Pr(3)O9 and Pr(6)O10 polyhedra, (c) The Pr(4)O12
polyhedra connect with the W3O15 trimers via O(2) and O(10).
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The presence of OH in this structure is suggested by the presence of under bonded oxygen
atoms and confirmed by IR analysis. The IR spectrum of Pr11W3O20(OH)11 shows a sharp
peak at 3525 cm-1 which confirms the presence of coordinated OH groups (Figure 5.8).
The EDX analysis of Pr11W3O20(OH)11 revealed there is no fluorine atoms in this structure
so all under-bonded atoms were assigned as OH. These OH groups are present in the slabs
created by Pr and oxygen atoms as seen in Figure 5.6 and 5.7. The presence of this
stoichiometry of OH groups makes the compound valences precise, which is consistent
with the characteristic Pr3+ green color.
The structures of Pr11W3O20(OH)11 and Nd11W3O20(OH)6F5 appears isostructural
but Nd11W3O20(OH)6F5 consist F along with OH groups while Pr11W3O20(OH)11 only
consist of OH groups. The structure of Nd11W3O20(OH)6F5 also consist of isolated W3O15
trimers similar to Pr11W3O20(OH)11. These W3O15 trimers consist of three WO6 octahedral
units that are corner sharing via O(2). Similar to Pr11W3O20(OH)11, Nd11W3O20(OH)6F5 also
consist of six crystallographically distinct Nd ions and they make two different slabs that
are alternating along the c-axis. The first type of slab is created by the connectivity of
Nd(1)O2F6, Nd(2)O6F2 and Nd(5)O9 polyhedra by edge sharing through oxygen along the
ab-plane. The W3O15 trimers are connected to these slabs via O8 and O9. The second type
of slab is created by Nd(4)O12, Nd(3)O8F and Nd(6)O9F polyhedra. The Nd(3)O8F and
Nd(6)O9F polyhedra connect to each other by edge sharing through oxygen and create a
Nd-O-Nd network in the ab-plane. Nd(4)O12 polyhedra exist in the voids created by
Nd(3)O8F and Nd(6)O9F polyhedra. and connect with the W3O15 trimers via O(2) and
O(10). The presence of fluorine in Nd11W3O20(OH)6F5 was confirmed by EDX analysis
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(Figure 5.9). EDX results shows approximately 5.5 times more oxygens compared to
fluorine in the structure. The formula Nd11W3O20(OH)6F5 is consistent with the O:F ratio
observed in the EDX spectrum and again is valence precise.
The oxidation state of tungsten in this structure is again +6 which is consistent with
the bond valence sum analysis (bvs W = 6.141). In this structure the W(1)-O bond distances
vary between 1.814 (10) and 2.016 (2) Å and the average W-O bond distance of 1.921 Å,
which also agrees with the Shannon radii of 1.95 Å for W6+.22
In Pr11W3O20(OH)11 the Pr(1)-O bond distances vary between 2.343 (8) and 2.544
(5) Å, Pr(2)-O bond distances vary between 2.407 (3) and 2.553 (3) Å, Pr(3)-O bond
distances vary between 2.414 (3) and 2.713 (6) Å, Pr(4)-O bond distances vary between
2.498 (5) and 2.631 (5) Å, Pr(5)-O bond distances vary between 2.477 (5) and 2.772 (5) Å
and the Pr(6)-O bond distances vary between 2.359 (5) and 2.727 (2) Å. In
Pr11W3O20(OH)11 the O1, O3, O5 and O7 atoms are connected with hydrogens to make OH
groups. These O1 and O5 atomic positions of the Pr 11W3O20(OH)11 structure are occupied
by fluorine atoms in the Nd11 W3O20(OH)6F5 structure and these fluorines are labeled as F1
and F5. This is the main difference between these two structures. These fluorine atoms are
embedded in the Nd-O-Nd slabs and they do not connect with W3O15 trimers.
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Figure 5.8 IR spectrum of Pr11W3O20(OH)11
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Figure 5.9 EDX spectrum of Nd11W3O20(OH)6F5
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Figure 5.10 (a) Reported powder diffraction pattern for Pr(OH) 3 (ICSD code 87454), (b)
calculated powder pattern for Pr11W3O20(OH)11, (c) observed powder pattern for the 1:1
reaction between Pr2O3 and WO2, (d) observed powder pattern for the 1:1 reaction between
Nd2O3 and WO2. The powder patterns of c and d confirm the isostructural relationship
between Pr11W3O20(OH)11 and its Nd analog.
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Table 5.6. Bond distances and angles of KTb26W6O53F9
W (1)−O (7)
W (1)−O (9)
W (1)−O (3)
W (1)−O (3)
W (1)−O (6)
W (1)−O (6)

1.770 (1)
1.790 (1)
1.918 (1)
1.918 (1)
2.081 (2)
2.212 (1)

Tb (1)−O (4)
Tb (1)−O (2)
Tb (1)−O (6)
Tb (1)−O (2)
Tb (1)−O (5)
Tb (1)−O (3)
Tb (1)−O (3)

2.272 (9)
2.281 (1)
2.343 (4)
2.346 (1)
2.378 (1)
2.415 (1)
2.422 (1)

Tb (2)−O (4)
Tb (2)−O (2)
Tb (2)−O (2)
Tb (2)−O (5)
Tb (2)−F (8)
Tb (2)−F (1)
Tb (2)−F (1)
Tb (2)−F (1)

2.288 (1)
2.293 (1)
2.293 (1)
2.388 (2)
2.396 (7)
2.398 (8)
2.398 (8)
2.555 (1)

Tb (3)−O (4)
Tb (3)−O (2)
Tb (3)−O (2)
Tb (3)−O (9)
Tb (3)−O (3)
Tb (3)−O (3)
Tb (3)−F (1)

2.258 (1)
2.288 (1)
2.288 (1)
2.343 (1)
2.457 (1)
2.457 (1)
2.501 (1)
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Crystal Structure of KTb26W6O53F9
The novel KTb26W6O53F9 compound crystalizes in a trigonal structure with space
group R-3m (no.166). The unit cell parameters and bond distances are given in Table 5.4
and Table 5.6 respectively. The structure of KTb26W6O53F consists of a 3-D framework
of four crystallographically distinct TbOn or TbOnFn polyhedra and isolated W2O10 dimers
formed by edge sharing WO octahedra via O(6) (Figure 5.11 a and b). The W-W distance
is 3.444(0)Å and therefore does not represent any W-W bond formation. The 12
coordinated K ions exist at the edges of each W2O10 dimer and connect with the W2O10
dimers via O(7) and O(9). The W(1)-O bond distances vary between 1.770 (1) and 2.212
(1) Å and therefore result highly distorted octahedra.. The average W-O bond length of
1.951 Å is comparable to the Shannon Crystal Radii of W6+‒O, 1.950Å 22. According to
the BVS calculations Tungsten shows a bond valence sum of 6.025 and this further
confirms that tungsten is in +6 oxidation state, (Table 5.7). The lack of d electrons in this
system explains the reason for the absence of direct W-W bonds in W2O10 cluster. The
isolated W2O10 dimers connect with a extremely complex 3D terbium oxide lattice.
In KTb26 W6O53F, the Tb-O bond distances vary from 2.258 (2) to 2.457 (1) Å and
Tb-F bond distances vary from 2.396 (7) to 2.555 (1) Å. As seen in Figure 5.12a each
Tb(4)O6F polyhedra connect with three W2O10 dimeric units by corner sharing through
O(7). Each Tb(4)O6F unit is surrounded by six Tb(1)O7 polyhedra (Figure 5.12b). The
Tb(4)O6F units exist in the triangular voids created by Tb(1)-O-Tb(1) rings. Tb(4)O6F units
are further connected to Tb(2)O4F4 polyhedra through O(5) and F(8). These Tb(2)O4F4
polyhedra also connect with Tb(3)O6F polyhedra (Figure 5.12c). The dark green polyhedra
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in the middle represent Tb(4) and the light green polyhedra represent Tb(2) while the green
atoms at the edges represent Tb(3). The connectivity of these TbO n/ TbOnFn polyhedra with
each other and with the W2O10 dimers give rise to a compact but extremely complex 3D
structure (Figure 5.13).
The presence of F was confirmed by EDX analysis (Figure 5.14). The EDX results
show approximately six times more oxygen atoms compared to fluorine in the compound,
and this is consistent with the refined formula KTb26W6O53F. The IR analysis of the
compound did not show any significant peaks in the OH stretch.
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Figure 5.11: (a) Unit cell of KTb26W6O53F9 along c axis showing the isolated W2O10
dimers. The 12 coordinated K ions exist at the edges of each W2O10 dimer (b) The W2O10
dimer in KTb26 W6O53F9 . The WO6 octahedra connect to each other by edge sharing via
O(6).
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Figure 5.12: Different views of KTb26W6O53F9 along the c-axis showing the connectivity
of Tb(1) Tb(2) , Tb(3) and Tb(4) polyhedra (a) Each Tb(4)O6F polyhedron connects to
three W2O10 dimeric units by corner sharing through O(7). (b) Each Tb(4)O6F unit is
surrounded by six Tb(1)O7 polyhedra. The Tb(4)O6F units exist in the triangular voids
created by Tb(1)-O-Tb(1) rings. (c) Projected view of KTb26W6O53F9 along the c-axis
showing the connectivity of Tb(4), Tb(2) and Tb(3). Tb(4)O 6F units are connected to
Tb(2)O4F4 polyhedra through O(5) and F(8). These Tb(2)O4F4 polyhedra also connect
with Tb(3)O6F polyhedra. The dark green polyhedra in the middle represent Tb(4) and the
light green polyhedra represent Tb(2). The green atoms at the edges represent Tb(3).
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Figure 5.13: A view of KTb26W6O53F9 along c axis showing the compact 3D nature of
the structure. The dark green color polyhedral represent Tb(4). Light green color
polyhedral represent Tb(1), Tb(2) and Tb(3).
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Table 5.7 Bond valence analysis of hydrothermally-grown KTb26W6O53F9
W (1)−O (7)
W (1)−O (9)
W (1)−O (3)
W (1)−O (3)
W (1)−O (6)
W (1)−O (6)
ΣW1

KTb26W6O53F9
1.504
1.415
1.014
1.014
0.631
0.447
6.025

Tb (1)−O (4)
Tb (1)−O (2)
Tb (1)−O (6)
Tb (1)−O (2)
Tb (1)−O (5)
Tb (1)−O (3)
Tb (1)−O (3)
ΣTb1

0.545
0.536
0.456
0.436
0.402
0.361
0.359
3.095

Tb (2)−O (4)
Tb (2)−O (2)
Tb (2)−O (2)
Tb (2)−O (5)
Tb (2)−F (8)
Tb (2)−F (1)
Tb (2)−F (1)
Tb (2)−F (1)
ΣTb2

0.535
0.523
0.523
0.398
0.291
0.290
0.291
0.185
3.037

Tb (3)−O (4)
Tb (3)−O (2)
Tb (3)−O (2)
Tb (3)−O (9)
Tb (3)−O (3)
Tb (3)−O (3)
Tb (3)−F (1)
ΣTb3

0.562
0.527
0.527
0.416
0.324
0.324
0.214
2.896
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Figure 5.14: EDX spectrum of KTb26W6O53F9
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Figure 5.15: Reported powder pattern of Tb(OH)3 (ICSD code 1224),(b) calculated
powder pattern for KTb26W6O53F9, (c) observed powder pattern for the 1:1 reaction
between Tb4O7 and WO2 in 1M KF
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Crystal Structure of Ln2WO6 (Ln = Sm,Eu)
Compounds with the formula Ln2MO6 (Ln = lanthanide, M = Mo, W) can
crystallize in different space groups and in different structure types. 25 In 1970 a Russian
group reported Nd2WO6 prepared hydrothermally. However, the crystals were found to be
twinned and the structure of Nd2WO6 was reported in the space group I2/c with a R value
of 0.17 and is almost certainly incorrect.21 Later several Ln2MO6 (M = Mo,W) compounds
with similar unit cell parameters has been refined in C2/c space group with better R
values.26,27 However, this structure type is still known as Nd2WO6 since the structure of
Nd2WO6 was reported first. Although many molybdates have been reported with this
structure type, only the Nd and Gd analogues are known for tungstates. In this study we
were able to synthesize two new tungsten analogues (Sm2WO6, Eu2WO6) of this structure
type as high quality single crystals. The crystallographic data of these two compounds are
given in Tables 5.8 and 5.9.

244

Table 5.8. Crystallographic data of Ln2 WO6 (Ln = Sm,Eu)
empirical formula
FW
crystal system
crystal dimension, mm
space group, Z
T, K
a, Å
b, Å
c, Å
β, °
V, Å3
dcalc, g cm-3
μ (Mo Kα), mm-1
Tmin
Tmax
2θ range
Reflections collected
Unique reflections
Observed reflections
(I>2σ(I))
No. of Restraints
No. of Parameters
final R [I> 2σ(I)] R1,
wR2
final R (all data) R1, wR2
GoF
largest diff. peak/hole, e/
Å3

Sm2WO6
580.55
monoclinic
0.042 x 0.045 x 0.010
C 2/c (no15), 8
301(2)
16.4823(8)
11.2520(6)
5.4704(3)
107.579(2)
967.16(9)
7.974
47.641
0.0394
0.0999
2.593-26.497
6448
1008

Eu2WO6
583.77
monoclinic
0.055 x 0.042 x 0.032
C 2/c (no15), 8
283(2)
16.4364 (5)
11.2028 (3)
5.4462 (2)
107.5540 (10)
956.13(5)
8.111
49.864
0.0533
0.0998
2.599-26.496
6645
995

899

959

0
84

0
84

0.0193/ 0.0359

0.0150/ 0.0314

0.0257/ 0.0372
1.075

0.0161/ 0.0317
1.218

1.568/-1.117

0.885/-0.858
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Table 5.9. Bond distances and angles of Ln2 WO6 (Ln = Sm, Eu)
W (1)−O (3)
W (1)−O (6)
W (1)−O (4)
W (1)−O (5)
W (1)−O (1)

Sm2WO6
1.786 (5)
1.814 (5)
1.823 (5)
1.849 (5)
2.115 (5)

Eu2WO6
1.790 (4)
1.802 (4)
1.821 (4)
1.841 (4)
2.116 (4)

Ln (1)−O (2)
Ln (1)−O (2)
Ln (1)−O (1)
Ln (1)−O (5)
Ln (1)−O (6)
Ln (1)−O (5)
Ln (1)−O (6)
Ln (1)−O (4)

2.235 (5)
2.318 (5)
2.361 (5)
2.427 (5)
2.484 (5)
2.494 (5)
2.578 (5)
2.711 (5)

2.221 (3)
2.313 (4)
2.353 (4)
2.425 (4)
2.482 (4)
2.483 (4)
2.572 (4)
2.689 (4)

Ln (2)−O (2) x 2
Ln (2)−O (1) x 2
Ln (2)−O (2) x 2
Ln (2)−O (4) x 2

2.278 (5)
2.369 (5)
2.419 (5)
2.783 (5)

2.265 (4)
2.352 (4)
2.409 (4)
2.779 (4)

Ln (3)−O (1) x 2
Ln (3)−O (3) x 2
Ln (3)−O (4) x 2
Ln (3)−O (3) x 2

2.299 (5)
2.438 (5)
2.475 (5)
2.500 (5)

2.289 (4)
2.426 (4)
2.462 (4)
2.490 (4)
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The Ln2WO6 (Sm, Eu) compounds synthesized in this study are isostructural to
each other and crystallize in the monoclinic space group C2/c (no.15). The structure of
Sm2WO6 is discussed in detail here. The structure of Sm2 WO6 contians isolated WO5
groups (Figure 5.16.) The five W-O bond distances vary between 1.786 (5) and 2.115 (5)
Å and form highly distorted trigonal bipyramids. This distorted nature of the trigonal
bipyramids is also common to molybdate analogues. For example in Tb2MoO6, Mo is
coordinated to five oxygen atoms, and the Mo-O bond distances vary between 1.76-2.24
Å.27 There are three crystallographically distinct Sm ions in the structure and all are eight
coordinated. The Sm ions generate two different types of slabs in the bc-plane that alternate
along the c-axis. The first type of slabs are made by Sm(1)O8 polyhedra that are edge
sharing via O(5) to generate slabs in the bc-plane (Figures 5.17 a,b). These slabs connect
with the WO5 trigonal bipyramids via O1, O4, O5 and O6. The second type of slab is made
of Sm(2)O8 and Sm(3)O8 polyhedra edge sharing through oxygen (Figure 5.18a). It can
be observed that Sm(2)O8 polyhedra are edge sharing via O(2) with other Sm(2)O8
polyhedra to make zigzag chains along the c-axis (Figure 5.18b). Also the Sm(3)O8
polyhedra are edge sharing via O(3) with other Sm(3)O8 polyhedra to make zigzag chains
along c axis, Figure 5.18c. These two types of chains are linked to each other via O(1) and
O(4).
In this structure the Sm(1)-O bond distances varies from 2.235 (5) to 2.711 (5) Å, Sm(2)O bond distance varies from 2.278 (5) to 2.783 (5) Å and Sm(3)-O bond distances varies
from 2.299 (5) to 2.500 (5) Å and result distorted SmO 8 polyhedra. The bond valence
analysis of the Sm2 WO6 confirm that all Sm atoms are in +3 oxidation state (Table 5.10).
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The bond valence sum of tungsten is 5.887 and therefore consistent with a +6 oxidation
state for tungsten. The average W-O bond distance of 1.877 Å is also consistent with the
Shannon radii of 1.86 Å for five coordinated W6+.22 The EDX spectra of Ln2 WO6
compounds are shown in Figures 5.19 and 5.20 and confirm the 2:1 ratio between Ln and
W atoms.
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Figure 5.16: (a) A view of Sm2WO6 along the c-axis showing the isolated WO5 groups
(b) A WO5 group showing the different W-O bond lengths
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Figure 5.17: A view of Sm2 WO6 showing the slabs generated by the Sm(1)O8 polyhedra
(a) The Sm(1)O8 polyhedra are edge sharing via O(5) to generate chains along the b-axis.
These chains further connect along the c axis to make 2D slabs along the bc plane (b) A
view of the slabs created by Sm(1)O8 polyhedra in the bc-plane. The Sm(1)O8 polyhedra
further connect with WO5 groups

250

Figure 5.18: A view of the slabs made by Sm(2)O8 and Sm(3)O8 polyhedra along the bc
plane (a) The light purple polyhedra represent Sm(2) and the dark purple polyhedra
represent Sm(3). (b) The Sm(2)O8 polyhedra are edge sharing via O(2) with other Sm(2)O8
polyhedra to make zigzag chains along the c-axis. (c) The Sm(3)O8 polyhedra are edge
sharing via O(3) with other Sm(3)O8 polyhedra to also make zigzag chains along the caxis.
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Table 5.10: Bond valence analysis of hydrothermally-grown Ln2 WO6 (Ln = Sm, Eu)

W (1)−O (3)
W (1)−O (6)
W (1)−O (4)
W (1)−O (5)
W (1)−O (1)
ΣW (1)
Sm (1)−O (2)
Sm (1)−O (2)
Sm (1)−O (1)
Sm (1)−O (5)
Sm (1)−O (6)
Sm (1)−O (5)
Sm (1)−O (6)
Sm (1)−O (4)
ΣSm (1)

Sm2 WO6

1.441
1.337
1.302
1.214
0.592
5.887

Eu2WO6

1.424
1.379
1.310
1.241
0.590
5.945

0.673
0.537
0.478
0.400
0.343
0.333
0.266
0.186
3.216

0.676
0.527
0.473
0.390
0.334
0.333
0.262
0.191
3.185

Sm (2)−O (2) x 2
Sm (2)−O (1) x 2
Sm (2)−O (2) x 2
Sm (2)−O (4) x 2
ΣSm (2)

0.598 x 2
0.468 x 2
0.409 x 2
0.153 x 2
3.254

0.600 x 2
0.474 x 2
0.407 x 2
0.150 x 2
3.261

Sm (3)−O (1) x 2
Sm (3)−O (3) x 2
Sm (3)−O (4) x 2
Sm (3)−O (3) x 2
ΣSm (3)

0.565 x 2
0.388 x 2
0.352 x 2
0.329 x 2
3.269

0.563 x 2
0.388 x 2
0.352 x 2
0.326 x 2
3.259
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Figure 5.19: EDX spectrum for Sm2 WO6
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Figure 5.20: EDX spectrum for Eu2WO6
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Figure 5.21: Figure (a) Reported powder pattern for Sm(OH) 3, PXRD card-01 083 2036
(b) Calculated powder pattern for Sm2 WO6, (c) Observed powder pattern for the 1:1
reaction between Sm2O3 and WO2 indicating a mixture of Sm2WO6 and some Sm(OH)3
impurity.
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Crystal Structure of KLn(WO4)2 (La, Pr)
The mixed alkali-rare earth tungstates can be considered as the most important class
of compounds among the reported rare earth tungstates in literature due to their outstanding
optical performance. However, there are several issues related to the characterization of
alkali rare-earth double tungstates and the probable reason is the difficulty in synthesizing
of good quality single crystals. These compounds are prepared mostly by high temperature
synthetic routes with flux growth and solid state synthesis and these crystals exhibit poor
quality.28–30
The double tungstates with the formula ALn(WO4)2 (A = Li, Na, K, Rb, Cs, Ag)
are widely studied in literature for their lasing properties. 31–35 The potassium double
tungstates and their rare-earth ion doped materials have high refractive indices (~2.0-2.1),
large cross sections and broad line widths of optically active rare earth ions and therefore
are excellent laser host materials. 36–38 Scheelite type pottasium double tungstates are
known to have outstanding chemical and physical stabilities due to it’s compact crystal
structure and also exhibit excellent luminescence properties. 39 This family of compounds
also serve as excellent laser host materials for rare earth ions due to the W-O charge transfer
and the efficient energy transfer from tungstate group to the rare-earth ion activator. These
materials are often doped with rare earth activators such as Nd3+, Ho3+, Tm3+ and
Yb3+.33,34,40 The Nd3+: KGd(WO4)2 material is widely studied and it is is a solid state laser
material with high efficiency.41,42
Interestingly, the double tungstates as well as the double molybdates can exhibit
polymorphism, leading to a wide range of crystal structures.43 Identification of these
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different structure types will be useful in understanding the differences in their lasing
properties in the future. While KLn(WO4)2 compounds commonly crystallize in a
tetragonal CaWO4 type structure, they also exist in several monoclinic structure types that
contain chains or layered systems consisting of WO6 polyhedra 44. Most of the ALn(WO4)2
compounds that crystallize in monoclinic crystal system are in C2/c space group with cell
parameters: KSm(WO4)2: a = 10.6155 Å, b = 10.3133 Å, c = 7.5363 Å, β =130.750°, V =
625.058 Å3.45 This structure consist of WO6 octahedra which participate in making double
chains along the c axis by connecting through common vertices. The rare earth ions are
eight coordinated and make single chains. The 12 cordinated K+ ions exist in between these
chains.20
However, there is another monoclinic polymorph of the ALn(WO4)2 family that
consist of isolated W4O16 clusters. But there is not much detail in the literature about this
phase except for some recent reports on AgLn(WO4)2 and KNd(WO4)2.46,47 Similar
structures have been published for RbLa(WO4)2 and LiPr(WO4)2, tungstates. However
these structures were refined in triclinic symmetry with the reduced cell of the of the correct
unit cell corresponding to C2/m symmetry.43,48 In this study we were able to synthesize
KLa(WO4)2 and KPr(WO4)2 analogues of this monoclinic phase as single crystals. The
crystallographic data of KLa(WO4)2 and KPr(WO4)2 compounds are given in Table 5.11
and 5.12

257

. Table 5.11. Crystallographic data of KLn(WO4)2 (Ln = La, Pr)
empirical formula
FW
crystal system
crystal dimension, mm
space group, Z
T, K
a, Å
b, Å
c, Å
β, °
V, Å3
dcalc, g cm-3
μ (Mo Kα), mm-1
Tmin
Tmax
2θ range
Reflections collected
Unique reflections
Observed reflections
(I>2σ(I))
No. of Restraints
No. of Parameters
final R [I> 2σ(I)] R1,
wR2
final R (all data) R1, wR2
GoF
largest diff. peak/hole, e/
Å3

KLa(WO4)2
673.71
monoclinic
0.043 x0.028 x 0.021
C 2/m (no 12), 4
298(2)
10.3131(6)
10.9222(7)
7.5736(5)
126.423(2)
686.45(8)
6.519
40.154
0.277
0.486
3.731-26.489
2924
755

KPr(WO4)2
675.71
monoclinic
0.032 x 0.024 x 0.018
C 2/m (no 12), 4
273(2)
10.2228(10)
10.8192(12)
7.5229(8)
126.169(3)
671.70(12)
6.682
41.930
0.347
0.519
3.105- 26.499
4667
733

728

728

0
63

0
63

0.0142/ 0.0302

0.0110/ 0.0252

0.0157/0.0305
1.265

0.0110/ 0.0252
1.228

0.716/-0.794

0.719/-0.543
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Table 5.12. Bond distances and angles of KLn(WO4)2 (Ln = La, Pr)
W (1)−O (5) x 2
W (1)−O (3)
W (1)−O (2)
W (1)−O (1) x 2

KLa(WO4)2
1.775 (4)
1.838 (5)
1.988 (5)
2.153 (3)

KPr(WO4)2
1.775 (3)
1.843 (4)
1.982 (4)
2.152 (3)

W (2)−O (4) x 2
W (2)−O (1) x 2
W (2)−O (2) x 2

1.762 (4)
1.906 (3)
2.197 (3)

1.771 (3)
1.910 (3)
2.189 (2)

Ln (1)−O (5) x 2
Ln (1)−O (1) x 2
Ln (1)−O (4) x 2
Ln (1)−O (3) x 2

2.473 (4)
2.489 (3)
2.520 (4)
2.576 (3)

2.439 (3)
2.456 (3)
2.480 (3)
2.540 (2)

K (1)−O (2)
K (1)−O (3)
K (1)−O (5) x 2
K (1)−O (4) x 2
K (1)−O (1) x 2

2.574 (5)
2.720 (5)
2.861 (4)
2.895 (4)
3.008 (4)

2.569 (4)
2.687 (4)
2.844 (3)
2.860 (3)
2.984 (3)
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Compounds KLa(WO4)2 and KPr(WO4)2 are isostructural and the structure of
KPr(WO4)2 will be discussed in detail here. The KPr(WO4)2 compound crystallizes in a
monoclinic cell in the space group C2/m (no 12). The structure consists of two unique WO6
polyhedra that make isolated W4O16 clusters (Figure 5.22). The cluster consist of two base
fused triangles and is similar to the Re4O16 clusters observed in the novel Ln2Re2O7(OH)
compounds we synthesized recently.49 The WO6 octahedra shows a high degree of
distortion around each individual atom, (W-O distances range from 1.775 (4) to 2.153 (3)
Å in W (1) and 1.771 (3) to 2.119 (2) Å in W (2)). A similar observation was made for the
Re-O bond lengths in the Re4O16 cluster. While in the Re4O16 cluster the Re(1) and Re(2)
atoms are connected by three different oxygen atoms (O1, O2, O5), in W4O16 cluster the
W(1) and W(2) atoms are connected by two different oxygen atoms (O1 and O2).
Therefore, all the W(1)-W(2) bond distances in the W4O16 cluster is 3.228 (1) Å, while the
Re(1)-Re(2) bond distances in Re4O16 cluster are 2.602 (3) and 2.595 (3) Å (Figures 5.23a,
5.23b). As a result the W4O16 cluster displays more much higher symmetry compared to
the Re4O16 cluster. The W(2)-W(2) distance in W4 O16 cluster is much longer (3.546 (0) Å)
than the Re(2)-Re(2) distance in the Re4O16 cluster is 2.611 (5) Å. Similar to the Re-Re
distances the W-W bond distances in the M4O16 cluster are significantly longer than the
reported W-W multiple bond lengths and therefore it can be assumed that there is no direct
W-W interactions within the cluster.50 This is also consistent with the assignment of a W6+
oxidation state. The Pr ion is 8 coordinated and is edge sharing via O(3) along the b-axis
to form Pr2O14 dimers (Figure 5.24b). The layers formed by W4O16 clusters are
perpendicular to the a-axis and the Pr2O14 units connect these layers together. The 8
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coordinated potassium ions exist in the voids created by this W-O-Pr network (Figure
5.24a).
The Pr-O bond distances in the PrO8 polyhedra vary between 2.439 (2) and 2.540
(2) Å. The K-O bond distanced vary between 2.569 (4) and 2.984 (3) Å resulting a highly
distorted polyhedron. The bond valence analysis confirms that both W(1) and W(2) are in
the +6 oxidation state (Table 5.13). The average W-O bond distances of 1.946 Å for W(1)
and 1.956 Å for W(2) agrees well with the Shannon radii of 1.95 Å for W6+.22 The EDX
spectrum of KPr(WO4) (Figure 5.25) agrees with the K:Pr:W:O ratio in the formula.
The major difference between this structure and the previously reported monoclinic
C2/c structure is the presence of W4O16 clusters in this structure vs W-O-W double chains
in C2/c structure. In both compounds tungsten is six coordinated and rare earth ions are
eight coordinated. In C2/c structure, the rare earth ions participate in making chains but in
this structure the rare earth ions only make dimers. Although these two structures are
completely different, it is also interesting to note that the unit cell parameters of both these
structure types are quite similar. However in this study we observed that larger lanthanides
(La, Pr) crystallize in C2/m structure while the medium-small (Sm-Lu) size rare earth ions
crystallize in C2/c structure. Also considering the literature data, it seems that the C2/m
structure is unique to the larger lanthanides in the KLn(WO4)2 family of compounds.
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Figure 5.22: The unit cell of KPr(WO4)2 along the c-axis showing the isolated W4O16
clusters
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Figure 5.23: (a) A view of the W4O16 cluster; The W(1) and W(2) are bridging via O(1),
W(2) connect to each other via O(2) (b) A view of our recently prepared Re4O16 cluster;
The Re(1) and Re(2) are bridging via O(1) and O(5), Re(2) connect to each other via O(2)
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Figure 5.24: A view of KPr(WO4)2 along the b-axis showing the layers of W4O16 clusters
and the Pr2O14 dimeric units. The K+ ions exist in the gas between the W4O16 clusters and
the Pr2O14 units (b) A view of KPr(WO4)2 along the c axis. The PrO8 polyhedra are edge
sharing along the b- axis direction and connect with the W4O16 clusters.
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Table 5.13. Bond valence analysis of KLn(WO4)2 (Ln = La, Pr)
W (1)−O (5) x 2
W (1)−O (3)
W (1)−O (2)
W (1)−O (1) x 2
ΣW (1)

KLa(WO4)2
2.966
1.253
0.833
1.067
6.120

KPr(WO4)2
2.968
1.235
0.849
1.071
6.123

W (2)−O (4) x 2
W (2)−O (1) x 2
W (2)−O (2) x 2
ΣW (2)

3.072
2.083
0.950
6.104

2.999
2.061
0.970
6.031

Ln (1)−O (5) x 2
Ln (1)−O (1) x 2
Ln (1)−O (4) x 2
Ln (1)−O (3) x 2
ΣLn (1)

0.886
0.849
0.782
0.671
3.188

0.880
0.839
0.788
0.670
3.177

K (1)−O (2)
K (1)−O (3)
K (1)−O (5) x 2
K (1)−O (4) x 2
K (1)−O (1) x 2
ΣK (1)

0.301
0.203
0.278
0.253
0.186
1.221

0.306
0.222
0.290
0.279
0.199
1.296
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Figure 5.25: EDX spectrum of KPr(WO4)2
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Figure 5.26: (a) calculated powder pattern for KLa(WO4)2, (b) Observed powder pattern
for the 1:3 reaction between La2O3 and WO2 (c) Observed powder pattern for the 1:3
reaction between Pr2O3 and WO2.
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Conclusions Regarding Hydrothermally Grown Rare-Earth Tungstates
A number of interesting novel rare-earth tungstates were synthesized in this study
by using high temperature hydrothermal solutions. The solubility of WO2 under these
hydrothermal conditions has led to an array of new and existing compounds. In this study
reactions between Ln2O3 and WO2 were examined with 1:1 and 1:3 stoichiometric ratios
across the rare earth series. This experimental design was in direct analogy to the rich
chemistry observed with varying ratios of rare earth oxides and ReO2. It was observed that
the mineralizer and the stoichiometry have a great impact on the types of compounds
obtained. For example 1:3 ratio of La2O3 and WO2 in deionized water resulted black
colored single crystals of La12W7O36(OH)4. Interestingly, this is the only mixed valent
(W+4/W+6) rare earth tungsten compound we obtained in this study and the crystals are
black in color as expected for a mixed valent compound. All the reactions we carried out
with 1M KF mineralizer resulted colorless or light color rare earth tungstates which
confirms the presence of W+6 oxidation state. Therefore, it seems that the use of KF
mineralizer has somehow influenced the formation of W6+ oxidation state with all the rare
earth ions. It was observed that tungsten rarely produce rare-earth tungstates when
deionized was used in the absence of a mineralizer. In this study La12W7O36(OH)4 was the
only compound we obtained with deionized water. All the other rare earth ions led to the
formation of thin fibers of WO3 phase. It should be noted that most of the tested
mineralizers did not yield rare-earth tungstates but rather only formed rare earth
hydroxides. For example, the use of hydroxide mineralizers (ex: NaOH, KOH, CsOH) only
produced Ln(OH)3 or LnOOH crystals under hydrothermal conditions. Therefore several
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different mineralizer types were tested with WO2 and Ln2O3 under hydrothermal
conditions. Use of CsF mineralizer only yielded single crystals of LnF3 phases. Reactions
were also performed with KF mineralizers with different concentrations. Although similar
products were obtained at higher KF concentrations (2M, 3M), the crystal quality became
poor when KF concentrations above 1M was used. Therefore, 1M KF was used as the
mineralizer for most reactions in this study. When 1M KF was used with 1:3 ratio of La2O3
and WO2, a series of KLn(WO4)2 type compounds were obtained as single crystals.
While the reaction between La2O3 and WO2 in 1:3 ratio with deionized water
produced the La12W7O36(OH)4 phase, the reaction between La2O3 and WO2 in 1:3 ratio with
1M KF produced single crystals of KLa(WO4)2. Use of 1:3 stoichiometric ratio with 1M
KF across the rare-earth series yielded single crystals of KLn(WO4)2 (Ln = La, Pr, Sm-Lu)
phase. This shows that the same stoichiometric ratio between Ln2O3 and WO2 can yield
different products with different mineralizers. It was observed that La and Pr crystallize in
a different structure compared to other KLn(WO4)2 (Sm-Lu) compounds synthesized in
this study. Also this structure type is not a well-known structure type and consist of isolated
W4O16 tetrameric units similar to the Re4O16 units observed in Ln2Re2O7OH, along with
RE2O14 dimers. Furthermore, this shows that the rare earth ion size plays a role in
determining the structure type of KLn(WO4)2 type compounds. While the structure and the
luminescence properties of double tungstates are widely reported in literature, the structural
chemistry or the luminescence properties of the synthesized KLn(WO 4)2 (Ln = La, Pr)
phase is not well known in literature. Growth of high quality single crystals of this lesser
known KLn(WO4)4 phase will enable to perform optical property measurements in the
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future. Specifically KLa(WO4)2 would be an interesting host material (since La is optically
inactive) to dope with optically active rare earth ions such as Nd3+, Er3+, Tm3+. This will
further reveal the relationship between different double tungstate structure types and their
luminescence properties.
Most novel rare-earth tungstates here were obtained with 1:1 stoichiometric ratio
between Ln2O3 and WO2 with 1M KF. Reactions with Pr and Nd yielded novel
Pr11W3O20(OH)11 and Nd11W3O20(OH)6F5 compounds while Tb produced a new
KTb26W6O53F9 phase. All these compounds consist of interesting W-O framework
including isolated W3O15 trimers in Pr11W3O20(OH)11 and Nd11W3O20(OH)6F5 and isolated
W2O10 dimers in KTb26W6O53F9. Although W3O15 clusters are observed as a part of
complex polyoxotungstate frameworks, isolated W3O15 clusters are not common in the
literature. Similar reactions with Sm and Eu resulted new Ln2 WO6 compounds as good
quality single crystals. Interestingly these compounds consisted of isolated WO5 groups.
Only the Nd and Gd analogues of Ln2 WO6 phase are known in literature and therefore
synthesis and characterization of Sm2WO6 and Eu2WO6 will fill the some gaps within this
structure types. In all these cases the tungsten is in the hexavalent state and shows no
tendency to remain in the original W4+ oxidation state.
Unlike in rhenium compounds we did not observe W-W bonds in these tungsten
compounds. The reason is the absence of valence d electrons for bonding since tungsten is
in +6 oxidation state in most of the synthesized compounds. All the rhenium compounds
we synthesized with multiple Re-Re bonds consisted of Re+4 or Re+5 oxidation states with
enough d electrons for Re-Re bonding.
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It can be seen that the hydrothermal technique is a fruitful method to synthesize
novel rare-earth tungstates with interesting structure types as high quality single crystals.
Traditional synthesis of novel rare-earth tungstates is often hindered by high temperature
crystal growth methods, leading to large numbers of lattice defects, and therefore the
chemistry of this system is not understood well. In this study we were able to synthesize
good quality single crystals of rare-earth tungstates with minimum site defects and
disorder. These compounds revealed some novel structural possibilities for rare-earth
tungstates. Further investigations on this system using the hydrothermal method could
reveal much more interesting compounds in the future which will help us to gain a broad
overview on the chemistry of these compounds and to identify their physical properties for
future applications.

271

References
(1) Durairajan, A.; Thangaraju, D.; Balaji, D.; Babu, S. M. Sol–Gel Synthesis and
Characterizations of Crystalline NaGd (WO4) 2 Powder for Anisotropic Transparent
Ceramic Laser Application. Optical Materials 2013, 35 (4), 740–743.
(2) Gai, S.; Li, C.; Yang, P.; Lin, J. Recent Progress in Rare Earth Micro/Nanocrystals:
Soft Chemical Synthesis, Luminescent Properties, and Biomedical Applications.
Chemical reviews 2013, 114 (4), 2343–2389.
(3) Sun, D.-X. Hydrothermal Synthesis of NaY (WO 4) 2: Tb 3+ Powders with
Assistance of Surfactant and Luminescence Properties. Journal of Materials Science:
Materials in Electronics 2015, 26 (9), 6892–6896.
(4) Faure, N.; Borel, C.; Couchaud, M.; Basset, G.; Templier, R.; Wyon, C. Optical
Properties and Laser Performance of Neodymium Doped Scheelites CaWO 4 and
NaGd (WO 4) 2. Applied Physics B 1996, 63 (6), 593–598.
(5) Rico, M.; Liu, J.; Griebner, U.; Petrov, V.; Serrano, M. D.; Esteban-Betegón, F.;
Cascales, C.; Zaldo, C. Tunable Laser Operation of Ytterbium in Disordered Single
Crystals of Yb: NaGd (WO 4) 2. Optics express 2004, 12 (22), 5362–5367.
(6) Shao, Q.; Li, H.; Wu, K.; Dong, Y.; Jiang, J. Photoluminescence Studies of RedEmitting NaEu (WO4) 2 as a near-UV or Blue Convertible Phosphor. Journal of
Luminescence 2009, 129 (8), 879–883.
(7) Glorieux, B.; Jubera, V.; Apheceixborde, A.; Garcia, A. Luminescence Properties of
Tungstates and Molybdates Phosphors: Illustration on ALn (MO 4) 2 Compounds
(A= Alikaline Cation, Ln= Lanthanides, M= W, Mo). Solid State Sciences 2011, 13
(2), 460–467.
(8) Yu, X.; Gao, M.; Li, J.; Duan, L.; Cao, N.; Jiang, Z.; Hao, A.; Zhao, P.; Fan, J. Near
Infrared to Visible Upconversion Emission in Er3+/Yb3+ Co-Doped NaGd (WO4) 2
Nanoparticles Obtained by Hydrothermal Method. Journal of Luminescence 2014,
154, 111–115.
(9) Haugsrud, R.; Kjølseth, C. Effects of Protons and Acceptor Substitution on the
Electrical Conductivity of La6WO12. Journal of Physics and chemistry of Solids
2008, 69 (7), 1758–1765.
(10) Scherb, T. Structural Characterization of Hydrogen Separating Membranes Based on
Lanthanide-Tungstates. 2011.
(11) Blasse, G.; Bril, A. On the Eu3+ Fluorescence in Mixed Metal Oxides. III. Energy
Transfer in Eu3+-Activated Tungstates and Molybdates of the Type Ln2WO6 and
Ln2MoO6. The Journal of Chemical Physics 1966, 45 (7), 2350–2355.
(12) Demia, A.; Derbal, M.; Guerbous, L.; Rekik, B. Structure, Optical and
Photoluminescence Properties of LiGd1- XErx (WO4) 2 Green Luminescence
Phosphor. Optical Materials 2017, 65, 137–141.
(13) Neeraj, S.; Kijima, N.; Cheetham, A. K. Novel Red Phosphors for Solid-State
Lighting: The System NaM (WO4) 2- x (MoO4) x: Eu3+ (M Gd, Y, Bi). Chemical
Physics Letters 2004, 387 (1–3), 2–6.

272

(14) Tomaszewicz, E.; Kaczmarek, S. M.; Fuks, H. New Cadmium and Rare Earth Metal
Tungstates with the Scheelite Type Structure. Journal of Rare Earths 2009, 27 (4),
569–573.
(15) Rode, E. Y.; Karpov, V. N.; Ivanova, M. M. Influence of the Rare-Earth Ion on the
Phases Formed in the Na2WO4-R2 WO4 3 Systems (Where R Is a Rare-Earth
Element). Russ. J. Inorg. Chem 1971, 16, 905–908.
(16) M. Kaczmarek, A.; Deun, R. V. Rare Earth Tungstate and Molybdate Compounds –
from 0D to 3D Architectures. Chemical Society Reviews 2013, 42 (23), 8835–8848.
https://doi.org/10.1039/C3CS60166H.
(17) McMillen, C. D.; Kolis, J. W. Hydrothermal Synthesis as a Route to MineralogicallyInspired
Structures.
Dalton
Trans.
2016,
45
(7),
2772–2784.
https://doi.org/10.1039/C5DT03424H.
(18) McMillen, C. D.; Kolis, J. W. Bulk Single Crystal Growth from Hydrothermal
Solutions.
Philosophical Magazine
2012,
92
(19–21),
2686–2711.
https://doi.org/10.1080/14786435.2012.685772.
(19) Tang, L.; Lin, Z.; Hu, Z.; Wang, G. Growth and Spectral Properties of Nd3+: KLu
(WO4) 2 Crystal. Journal of crystal growth 2005, 277 (1–4), 228–232.
(20) Pujol, M. C.; Rico, M.; Zaldo, C.; Solé, R.; Nikolov, V.; Solans, X.; Aguiló, M.; Díaz,
F. Crystalline Structure and Optical Spectroscopy of Er3+-Doped KGd (WO4) 2
Single Crystals. Applied Physics B 1999, 68 (2), 187–197.
(21) Borowiec, M. T.; Dyakonov, V. P.; Woźniak, K.; Berkowski, M.; Zubov, E. E.;
Michalski, E.; Szewczyk, A.; Gutowska, M. U.; Zayarnyuk, T.; Szymczak, H. Crystal
Structure and Magnetic Properties of Potassium Erbium Double Tungstate KEr
(WO4) 2. Journal of Physics: Condensed Matter 2007, 19 (5), 056206.
(22) Shannon, R. D. Revised Effective Ionic Radii and Systematic Studies of Interatomic
Distances in Halides and Chalcogenides. Acta crystallographica section A: crystal
physics, diffraction, theoretical and general crystallography 1976, 32 (5), 751–767.
(23) Canadell, E.; Whangbo, M.-H. Possibility of Charge Density Wave Instability in the
Barium Tungsten Bronze Ba0. 15WO3. Inorganic Chemistry 1994, 33 (9), 1864–
1868.
(24) Reinoso, S.; San Felices, L.; Gutiérrez-Zorrilla, J. M. Ceriopolyoxotungstates: From
Monomeric Species to Nanosized Molecular Assemblies. Cerium: molecular
structure, technological applications and health effects 2013, 1–41.
(25) Tyulin, A. V.; Efremov, V. A. Polymorphism of Oxytungstates TR 2 WO 6.
Mechanism of Structural Transformations of Er 2 WO 6. Kristallografiya 1987, 32
(2), 363–370.
(26) Tyulin, A. V.; Efremov, V. A. Polymorphism of Oxytungstates TR 2 WO 6. Analysis
of Structural Type 2 (Gd 2 WO 6 and Gd 2 MoO 6). Mechanism of Structural
Transformation of Gd 2 WO 6 during Phase Transfer 2↔ 5. Kristallografiya 1987,
32 (2), 371–377.
(27) Alonso, J. A.; Rivillas, F.; Martınez-Lope, M. J.; Pomjakushin, V. Preparation and
Structural Study from Neutron Diffraction Data of R2MoO6 (R= Dy, Ho, Er, Tm, Yb,
Y). Journal of solid state chemistry 2004, 177 (7), 2470–2476.

273

(28) Oishi, S.; Tate, I. SOME EFFECTS OF R (R= Li, Na AND K) IONS ON CRYSTAL
GROWTH OF RNd (WO4) 2 CRYSTALS FROM TERNARY SYSTEMS Nd2O3–
WO3–R2CO3. Chemistry Letters 1980, 9 (11), 1449–1452.
(29) Oishi, S.; Tate, I. CRYSTAL GROWTH OF Na (La, Nd)(WO4) 2 SOLID
SOLUTION FROM HIGH-TEMPERATURE SOLUTIONS. Chemistry Letters
1980, 9 (10), 1227–1228.
(30) Klevtsov, P. V.; Kozeeva, L. P.; Klevtsova, R. F. Stnthesis and Polymorphism of
Crystals of Rubidium-Lanthanum Tungstate RbLa (WO/Sub 4/)/Sub 2. Sov. Phys.Crystallogr.(Engl. Transl.);(United States) 1976, 21 (1).
(31) Kaminskii, A. A.; Konstantinova, A. F.; Orekhova, V. P.; Butashin, A. V.; Klevtsova,
R. F.; Pavlyuk, A. A. Optical and Nonlinear Laser Properties of the χ (3)-Active
Monoclinic α-KY (WO 4) 2 Crystals. Crystallography Reports 2001, 46 (4), 665–
672.
(32) Loiko, P. A.; Dashkevich, V. I.; Bagaev, S. N.; Orlovich, V. A.; Yasukevich, A. S.;
Yumashev, K. V.; Kuleshov, N. V.; Dunina, E. B.; Kornienko, A. A.; Vatnik, S. M.
Spectroscopic and Photoluminescence Characterization of Eu3+-Doped Monoclinic
KY (WO4) 2 Crystal. Journal of luminescence 2014, 153, 221–226.
(33) Lim, C. S. Microwave Sol-Gel Process of KGd (WO4) 2: Ho3+/Yb3 Phosphors and
Their Upconversion Photoluminescence Properties. Journal of Physics and
Chemistry of Solids 2015, 78, 65–69.
(34) Savitski, V. G. Experimental Analysis of Emission Linewidth Narrowing in a Pulsed
KGd (WO 4) 2 Raman Laser. Optics express 2014, 22 (18), 21767–21774.
(35) Kisel, V. E.; Rudenkov, A. S.; Kuleshov, N. V.; Pavlyuk, A. A. Highly Efficient 12
W Diode-Pumped Actively Q-Switched Yb: KGd (WO 4) 2 Laser. Optics letters
2014, 39 (10), 3038–3041.
(36) Kaminskii, A. A.; Konstantinova, A. F.; Orekhova, V. P.; Butashin, A. V.; Klevtsova,
R. F.; Pavlyuk, A. A. Optical and Nonlinear Laser Properties of the χ (3)-Active
Monoclinic α-KY (WO 4) 2 Crystals. Crystallography Reports 2001, 46 (4), 665–
672.
(37) Kuleshov, N. V.; Lagatsky, A. A.; Shcherbitsky, V. G.; Mikhailov, V. P.; Heumann,
E.; Jensen, T.; Diening, A.; Huber, G. CW Laser Performance of Yb and Er, Yb
Doped Tungstates. Applied Physics B 1997, 64 (4), 409–413.
(38) Lagatsky, A. A.; Kuleshov, N. V.; Mikhailov, V. P. Diode-Pumped CW Lasing of
Yb: KYW and Yb: KGW. Optics communications 1999, 165 (1–3), 71–75.
(39) Wang, Z. J.; Zhang, Y. L.; Zhong, J. P.; Yao, H. H.; Wang, J.; Wu, M. M.; Meijerink,
A. One-Step Synthesis and Luminescence Properties of Tetragonal Double
Tungstates Nanocrystals. Nanoscale 2016, 8 (34), 15486–15489.
(40) Gaponenko, M.; Kuleshov, N.; Südmeyer, T. Efficient Diode-Pumped Tm: KYW 1.9Μm Microchip Laser with 1 W Cw Output Power. Optics express 2014, 22 (10),
11578–11582.
(41) Esmeria, J. M.; Ishii, H.; Sato, M.; Ito, H. Efficient Continuous-Wave Lasing
Operation of Nd: KGd (WO 4) 2 at 1.067 Μm with Diode and Ti: Sapphire Laser
Pumping. Optics letters 1995, 20 (14), 1538–1540.

274

(42) Karlitschek, P.; Hillrichs, G. Active and Passive Q-Switching of a Diode Pumped Nd:
KGW-Laser. Applied Physics B 1996, 64 (1), 21–24.
(43) Klevtsov, P. V.; Klevtsova, R. F. Polymorphism of the Double Molybdates and
Tungstates of Mono-and Trivalent Metals with the Composition M+ R 3+(EO 4) 2.
Journal of Structural Chemistry 1977, 18 (3), 339–355.
(44) Leniec, G.; Skibiński, T.; Kaczmarek, S. M.; Iwanowski, P.; Berkowski, M. Growth
and EPR Properties of KSm (WO 4) 2 and KEr (WO 4) 2 Single Crystals. Central
European Journal of Physics 2012, 10 (2), 500–505.
(45) Iwanowski, P.; Domukhovski, V.; Diduszko, R.; Berkowski, M. Growth Conditions,
Structure and Crystal Morphology of Rare Earth Potassium Double Tungstates.
Crystal Research and Technology 2010, 45 (12), 1237–1240.
(46) Bhat, S. S.; Swain, D.; Narayana, C.; Feygenson, M.; Neuefeind, J. C.; Sundaram, N.
G. Polymorphism in Photoluminescent KNdW2O8: Synthesis, Neutron Diffraction,
and Raman Study. Crystal Growth & Design 2014, 14 (2), 835–843.
(47) Godlewska, P.; Tomaszewicz, E.; Macalik, L.; Ptak, M.; Tomaszewski, P. E.;
Berkowski, M.; Lemański, K.; Solarz, P.; Dereń, P. J.; Hanuza, J. Crystal Structure,
Phonon and Luminescence Properties of AgRE (WO4) 2 Tungstates, Where RE= Y,
Pr, Nd, Sm-Lu. Journal of Alloys and Compounds 2018, 745, 779–788.
(48) Klevtsova, R. F.; Kharchenko, L. Y.; Borisov, S. V.; Efremov, V. A.; Klevtsov, P. V.
Triclinic Modification of Lithium-Rare Earth Tungstates LiLn (WO 4) 2, Ln= La-Sm.
Kristallografiya 1979, 24 (3), 446–454.
(49) Muditha Kolambage1; McGuire2, M. A.; Duminda Sanjeewa1; Emay Wen; Colin D.
McMillen1; Joseph W. Kolis1*. Hydrothermal Synthesis of Lanthanide Rhenium
Oxides: Structures and Magnetism of Ln2Re2O7(OH) (Ln = Pr and Nd) and
Ln4Re2O11 (Ln = Tb, Eu). Journal of Solid State Chemistry 2018.
(50) Cotton, F. A.; Murillo, C. A.; Walton, R. A. Multiple Bonds between Metal Atoms;
Springer Science & Business Media, 2006.

275

CHAPTER SIX

TARGETED HYDROTHERMAL SYNTHESIS OF
RARE-EARTH ORTHO TANTALATES
Introduction
As an extension of the rhenate and tungstate work presented in chapters 3 and 5, an
investigation on the 5-d tantalum was also carried out with trivalent rare earth ions.
However, in this study a targeted synthesis was carried out rather than an exploratory work.
Recently our group has shown a hydrothermal synthetic route to successfully grow single
crystals of rare earth orthoniobates (RENbO4) as potential optical host materials.1 Many
rare-earth vanadates with the common formula LnVO4 are known as interesting as laser
host materials2–5. For example YVO4 has large laser absorption emission cross sections
compared to industrially used YAG. Its non-hygroscopic nature, relatively high densities
and high chemical stabilities make it a good candidate for laser hosts

6–8

. However, the

growth of YVO4 suffer from difficulties such as reduction of pentavalent vanadium at high
temperatures. Also YVO4 and other rare-earth ortho vanadates9,10 crystallize in a tetragonal
crystal system which has a weak plane and the crystals tend to crack along this plane11.
This naturally led us to the thinking of rare-earth orthotantalates which is a much denser
material compared to rare-earth orthoniobates. Similar to the niobates, the primary focus
rare-earth orthotantalates is optical properties since Ta5+ does not contain any valence d
electrons for spectroscopy, magnetism or M-M bonding as in rhenates and ruthenates.
Compared to the YVO4 and its rare-earth analogues, the much heavier rare-earth
orthoniobates and rare-earth orthotantalates have not recieved much recognition. However,

276

Nb5+ and Ta5+ are much more stable than V5+ a much smaller tendency for reduction during
synthesis. Also both LnNbO4 and LnTaO4 compounds are known to crystallize in a
different crystal system than LnVO4, which can eliminate the problems related to crystal
cracking. When comparing LnXO4 (X = V, Nb, Ta) compounds, LnTaO4 compounds are
very promising since they can yield much denser unit cells, so they could also function as
scintillation host materials to detect high energy ionizing radiation such as X-rays or
gamma rays. Specifically, LnTaO4 compounds of rare-earth ions with smaller ionic radius
(ex: Yb, Lu) can result highly dense unit cells. For example LuTaO4 is considered as one
of the densest oxides in solid state chemistry, and due to its extremely high density (9.729
g cm-3) compared to the common laser host materials like YAG (4.6 g cm-3), it is a potential

host material for high energy radiation such as X-rays or gamma rays 12.
The rare earth orthotantalates belongs to the furgosanite mineral family with the
general composition (Ln3+)(Nb,Ta)O4,13 which was first thought to be crystallized in a
tetragonal space group I4/m..14 This structural characterization was carried out with
polycrystalline samples due to the lack of single crystals. Later, it was identified that this
structure is monoclinic and crystalize in a centrosymmetric 2/m space group (fergusonite),
which can change to a tetragonal polymorph (scheelite) at high temperatures.13 However,
this monoclinic polymorph is considered as a heavily twinned phase.15 Apart from
fergusonite and scheelite phases, LnTaO4 compounds can also crystallize in other different
structures and these different structure types are discussed below. However, most of these
structure types are reported by powder X-ray diffraction data. Growing single crystals of
materials with tantalum is considered as challenging due to its relative inertness towards
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other chemicals. In the past solid state methods and sol gel techniques has been used to
grow rare earth orthotantalates but these methods has yielded powders of LnTaO4
compounds instead of single crystals.13,16 In 1983 one group was able to grow single
crystals of the LnTaO4 compounds by a flux method. However, they have found that all
the crystals are twinned and not well formed.17 In this study we carried out hydrothermal
reactions with tantalates of rare earth ions across the f block series and most of the tested
lanthanides produced good quality single crystals of LnTaO4 phases that will enable us to
perform optical property measurements in the future as potential laser host materials.
As with the ruthenates, we observed that the rare earht tantalates do not grow in
deionized water with no mineralizers present. Therefore, different mineralizers were tested
to identify the best mineralizer for the growth of rare-earth orthotantalates. We found that
fluoride mineralizers such as CsF along with Ln2O3 and Ta2O5 yield well grown single
crystals of CsLn2F7 phase instead of the desired LnTaO4 phase. A detailed study on
different CsLn2F7 compounds has been carried out by our group in the past.18 The use of
10M KOH as the mineralizer yielded a few single crystals of LnTaO4 phase along with a
considerable amount of LnOOH impurity products. However, when the mineralizer
concentration increased to 20M KOH, the amount of these impurity products is reduced
and the yield of the LnTaO4 crystals increased. The crystal quality and size also improved
with increasing KOH mineralizer concentration. Therefore, 20M KOH was used as the
mineralizer across the f-block to react rare earth oxides with Ta2O5. This synthetic
approach yields high quality single crystals of the rare-earth orthotantalate phases for the
first time. Single crystal x-ray diffraction results prove that the compounds have minimal
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disorder/twinning. The structural characterization of the rare-earth orthotantalate phases
are discussed below in detail.
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Experimental Methods for Rare-Earth Ortho Tantalates
All the reagents including Ta2O5 (Alfa Aesar, 99.9%), La2O3 (Alfa Aesar,
99.999%), Pr2O3 (Alfa Aesar, 99.9%), Nd2O3 (Alfa Aesar, 99.9%), Sm2O3 (Alfa Aesar,
99.9%), Eu2O3 (Alfa Aesar, 99.9%), Gd2O3 (Alfa Aesar, 99.9%) Tb4O7 (Alfa Aesar,
99.9%), Dy2O3 (Strem,99.9%), Ho2O3 (Strem, 99.9%), Er2O3 (Alfa Aesar, 99.9%), Tm2O3
(Strem, 99.9%), Yb2O3 (Strem, 99.9%) Lu2O3 (Strem 99.9%) were purchased
commercially and used without further purification. In each reaction approximately 0.2g
of starting materials were loaded into 2.5 in. long silver ampoules with outer diameters of
¼ in. with 0.4ml of aqueous fluid. The silver ampoules were sealed by welding and placed
in a 718 Inconel autoclave and filled with a desired amount of deionized water in the
external space to achieve a suitable counterpressure at reaction temperature. The autoclave
was heated using ceramic band heaters to a 700 ⁰C for 6 days. After the reaction period the
products were retrieved by washing with deionized water using the suction filtration
method. As a specific example NdTaO4 was grown by a reaction of Nda2O3 and Ta2O5 in
a molar ratio of 1:1. A total of 0.2 g of reactants (Nd2O3: 0.0865 g; Ta2O5: 0.1135 g)) were
loaded with 0.4 mL of 20M KOH into the silver ampoules and heated to 700 ⁰C for 6 days.
After the reaction period 0.3-0.6mm size transparent purple color plates of NdTaO4 crystals
were isolated as the major product (~60%) along with bluish-grey colored cubes of KTaO3.
Similar reactions with Sm-Gd and Dy-Tm also produced a mixture of LnTaO4 as the major
product along with KTaO3 as a minor product. Reaction with Tb only resulted colorless
columns of TbOOH. However, smaller lanthanides, Yb and Lu gave a lower yield of
crystals (~10-20%) compared to the rest of the lanthanides, along with KTaO3. The primary
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product in these cases consists of unreacted Ln2O3 powder. However, the morphology of
the YbTaO4 and LuTaO4 crystals were different from the other lanthanides, resulting very
dense colorless block shaped crystals (0.3-0.4mm). The reaction with La resulted a mixture
of 0.5-0.7mm size transparent columns of LaTaO4 (~20%), single crystals of KTaO3 (30%)
and well grown single crystals of the previously reported La2TaO5OH (~25%), while the
reaction with Pr mainly resulted single crystals of Pr2TaO5OH as the major product. A
detailed work on this Ln2TaO5OH tantalate phase has been carried out by our group.19
These Ln2TaO5OH compounds are also isostructural with the Ln2RuO5OH compounds
obtained in our ruthenium work described in this thesis.
Several other Ln2O3: Ta2O5 ratios were also examined with the 20M KOH
mineralizer. It was observed that using excess amount of Ta2O5 in the reaction medium
result the same LnTaO4 compounds along with excess Ta2O5 powder. However, when
excess Ln2O3 was used (ex: 3:1 Ln2O3:Ta2O5) La, Pr and Nd resulted well grown single
crystals of the Ln2TaO5OH phase. All the other medium-small rare earth ions only
produced single crystals of LnO(OH) which is acommon impurity in rare earth oxide
reactions.
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Figure 6.1: Hydrothermally grown single crystals of LnTaO4; The blue color NdTaO4
crystals are shown to the left and colorless LaTaO4 crystals are shown to the right
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Crystal Structure of LnTaO4 (Ln = La-Lu)
In contrast to rare-earth ortho niobates that crystallize in fergusonite type structure,
rare-earth orthotantalates crystallize in different structure types.17,20,21. According to
literature the La-Pr tantalates crystallize in a monoclinic structure with a P21/n space
group22, Nd-Er crystallize in monoclinic fergusonite or M type structure with P2/c space
group23, Tm-Lu crystallize in monoclinic M’ type structure with P2/c space group24. It is
believed that all the M type tantalates (except Nd) also crystallize in M’ type17. Also all
LnTaO4 compounds can crystallize in tetragonal scheelite type structure.17 In this study we
observed that La crystallizes in the P21/c space group while the medium-small size rare
earth ions crystallize only in the M’ type structure. The structural details of both phases
will be discussed in detail here.
The structure and properties of the LnTaO4 compounds that crystallize in P21/c
space group discussed in literature 25–27. Compounds of this structure type (La, Ce, Pr, Nd)
have been previously prepared by solid state synthesis or flux method and in most cases
the reactions appeared to result in a mixture of different LnTaO4 polymorphs. However in
our study we did not obtain a mixture of LaTaO4 polymorphs with the La reaction, instead
we observed a mixture of LaTaO5OH and LaTaO4 (only the P21/c polymorph). Also very
small size single crystals of this P21/c phase has been prepared in the past and twinning of
the crystals has been a common problem.20,25 However, no twinning was observed with
the hydrothermally prepared LaTaO4 compounds in this study.
The crystallographic data of LaTaO4 and several M’-LnTaO4 compounds are given
in Tables 6.1, 6.2 and 6.3.
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Table 6.1. Crystallographic data of LnTaO4 (Ln = Sm, Gd, Ho, Lu)
empirical
formula
FW
crystal
system
crystal
dimension,
mm
space group,
Z
T, K
a, Å
b, Å
c, Å
β, °
V, Å3
dcalc, g cm-3
μ (Mo Kα),
mm-1
Tmin
Tmax
2θ range
Reflections
collected
Unique
reflections
Observed
reflections
(I>2σ(I))
No. of
Restraints
No. of
Parameters
final R [I>
2σ(I)] R1,
wR2
final R (all
data) R1,
wR2
GoF
largest diff.
peak/hole, e/
Å3

LaTaO4

SmTaO4

GdTaO4

HoTaO4

LuTaO4

383.86

395.30

402.20

409.88

419.92

monoclinic

monoclinic

monoclinic

monoclinic

monoclinic

0.045 x 0.033 x
0.032

0.051 x
0.045 x
0.032

0.058 x 0.053
x 0.032

0.041 x
0.038 x 0.035

0.055 x 0.052
x 0.046

P 21/c (no 14) ,4

P2/c(no.13),2

P2/c(no.13),2

P2/c(no.13),2

P2/c(no.13),2

297(2)
7.6269(4)
5.5773(3)
7.8224(4)
101.548(2)
326.01(3)
7.821

299(2)
5.1965(3)
5.5470(2)
5.3859(3)
96.744(2)
154.174(14)
8.515

299(2)
5.1669(2)
5.5058(2)
5.3511(2)
96.621(2)
151.212(10)
8.834

299(2)
5.1202(4)
5.4632(5)
5.3114(4)
96.462(4)
147.63(2)
9.221

298(2)
5.0637(5)
5.4310(5)
5.2408(5)
95.997(4)
143.34(2)
9.729

46.293

54.134

57.707

63.442

72.179

0.0333
0.0998
0.0198- 0.0329

0.4607
0.7461
3.673-30.518

0.0647
0.1017
3.701-26.450

0.5008
0.7462
3.730-26.421

0.4668
0.7461
3.752-26.490

3991

472

16072

1456

2124

668

472

319

310

305

618

454

307

299

286

0

0

0

0

0

56

30

30

30

30

0.0175/ 0.0392

0.0232/
0.0474

0.0279/
0.0670

0.0172.
0.0451

0.0139/
0.0338

0.0205/ 0.0461

0.0255/
0.0477

0.0292/
0.0673

0.0181/
0.0454

0.0154/
0.0342

1.348

1.279

1.144

1.145

1.015

1.298/ -1.707

1.861/-2.012

3.777/-1.241

1.586/-2.221

1.287/-1.161
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Table 6.2: Selected bond distances of LaTaO4
Ta(1)
Ta (1)−O (1)
Ta (1)−O (3)
Ta (1)−O (4)
Ta (1)−O (2)
Ta (1)−O (4)
Ta (1)−O (3)
Ln(1)
Ln (1)-O (2)
Ln (1)-O (1)
Ln (1)-O (2)
Ln (1)-O (1)
Ln (1)-O (2)
Ln (1)-O (4)
Ln (1)-O (3)
Ln (1)-O (1)

LaTaO4
1.916 (6)
1.968 (5)
2.002 (5)
2.011 (5)
2.019 (5)
2.040 (5)
2.373 (5)
2.390 (6)
2.424 (5)
2.495 (6)
2.553 (5)
2.560 (6)
2.730 (5)
2.823 (6)
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Table 6.3: Selected bond distances of LnTaO4 (Ln = Sm, Gd, Ho, Ta)
Ta(1)
Ta (1)−O (1) x 2
Ta (1)−O (2) x 2
Ta (1)−O (2) x 2
Ln(1)
Ln (1)-O (1) x 2
Ln (1)-O (2) x 2
Ln (1)-O (1) x 2
Ln (1)-O (2) x 2

SmTaO4

GdTaO4

HoTaO4

LuTaO4

1.862 (5)
1.989 (5)
2.203 (5)

1.867 (8)
1.980 (8)
2.204 (8)

1.871 (6)
1.983 (5)
2.204 (6)

1.862 (5)
1.980 (4)
2.190 (5)

2.343 (5)
2.373 (5)
2.421 (5)
2.585 (5)

2.330 (8)
2.353 (8)
2.389 (8)
2.558 (8)

2.288 (6)
2.317 (5)
2.353 (6)
2.547 (6)

2.241 (5)
2.258 (4)
2.325 (5)
2.565 (5)
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The M’-LnTaO4 compounds synthesized in this study crystallize in a monoclinic structure
in space group P2/c (no.13) and are isostructural to one another across the whole series of
rare earths (excepting La). The structure of HoTaO4 will be discussed here in detail as a
representative example. The structure consist of six coordinated Ta octahedra edge sharing
with each other via O(1) to make chains along the c-axis, (Figure 6.1a and b). This type
of edge sharing chains are also found in the fergusonite type LnNbO4 compounds.
However, the rare-earth ion environment of the two structures are different. The TaO6
octahedron in HoTaO4 is a distorted octahedron with four short Ta-O bonds at 1.871 (6),
1.983 (5) Å and two long Ta-O bond distances at 2.204 (6) Å. As seen in Figure 6.1b the
Ho atoms exist in between the Ta-O chains. The Ho atoms are 8-coordinated and are edge
sharing with other Ho atoms via oxygen to make slabs on the bc-plane, Figure 6.1c. The
HoO8 polyhedron is distorted with Ho-O distances varying between 2.288 (6) and 2.547
(6) Å. As seen in Figure 6.1d the Ta-O-Ta chains and the Ho-O-Ho slabs are alternating
along the c axis. This in turn results in a very compact three-dimensional structure that
contributes to the high density in the compound.
The LaTaO4 synthesized in this study crystallizes in a monoclinic structure in space
group P21/c (no 14) and is isostructural with the previously reported LnTaO4
compounds20,25. The structure consists of six coordinated Ta octahedra and eight
coordinated La polyhedra. The Ta-O bond distances vary between 1.916 (6) - 2.040 (5) Å
resulting in distorted TaO6 octahedra. Here, the TaO6 octahedra are corner sharing with
other TaO6 octahedra via O(3) and O(4) creating 2-D slabs in the bc plane (Figure 6.3a)
A view of two Ta-O-Ta slabs along the c-axis is shown in Figure 6.3b. This shows a
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perovskite like tilting in Ta-O-Ta chains along the b-axis. It can also be seen that the
successive tilts of the TaO6 octahedra along the c-axis are out of phase. These Ta-O-Ta
slabs are separated by La-O-La slabs that are similar in configuration (Figure 6.4a). The
La ions are eight coordinated distorted polyhedra with La-O bond lengths ranging from
2.373(5) - 2.823(6)Å. Each La ion is edge sharing through oxygen atoms creating La-OLa slabs in the bc-plane (Figure 6.4b). These Ta and La slabs are connected to each other
through oxygen atoms and alternate along the a-axis, again generating a very compact 3D
structure (Figure 6.4c).
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Figure 6.2: Different views of HoTaO4 structure: (a) Ta-O-Ta chains consisting of TaO6
octahedra edge sharing via O(1), (b) A view of the unit cell along the a-axis showing the
Ta-O-Ta chains and the Ho atoms between the chains (c) A view of the slabs in the bcplane consisting of edge sharing HoO8 polyhedra (d) A view of the overall 3-D HoTaO4
structure showing the alternating Ta-O-Ta chains and Ho-O-Ho slabs along the a-axis.
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Figure 6.3: Powder X-ray diffraction patterns of LnTaO4 series: (a) Calculated powder
pattern for KTaO3, (b) Calculated powder pattern for SmTaO4, (c)-(e) Observed powder
patterns for the 1:1 reactions between Ln2O3:Ta2O5 where Ln = Sm, Eu, Dy respectively.
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Figure 6.4: (a) A view of the TaO6 polyhedra in LaTaO4 along the a-axis; The TaO6
octahedra are corner sharing with other TaO6 octahedra via O(3) and O(4) to make 2D
slabs in the b- plane (b) A view of two Ta-O-Ta slabs along the c-axis, showing a perovskite
like tilting in the Ta-O-Ta chains along the b-axis . The successive tilts of the TaO6
octahedra along the c-axis is out of phase
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Figure 6.5: (a) Two La-O-La slabs in LaTaO4 along the c-axis. The La-O-La slabs are in
a similar in configuration to the Ta-O-Ta slabs, (b) A La-O-La slab in the bc-plane. Each
La ion is edge sharing with other La ions through oxygen. (c) A view of the Ta and La
slabs. The two types of slabs are connected to each other through oxygen and alternate
along the a-axis creating a very compact 3-D structure.
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Figure 6.6: (a) Calculated powder pattern for KTaO3 (b) The calculated powder pattern for
La2TaO5OH (c) The calculated powder pattern for LaTaO4 (d) The observed powder
diffraction pattern of 1:1 reaction between La2O3 and Ta2O5 indicating that the product is
a mixture of LaTaO4, KTaO3 and La2TaO5OH.
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Conclusions Regarding the Targeted Synthesis of Rare-Earth Orthotantalates
In this study hydrothermal reactions between Ln2O3 and Ta2O5 were carried out for
the target synthesis of LnTaO4. This approach is an extension of the niobate work carried
out previously by our group.1 Despite the highly refractory nature of the Ta2O5 building
block, well grown single crystals of LnTaO4 phases were obtained with most lanthanides
at temperatures well below their melting points. The synthesized LnTaO4 compounds
crystallized in two different structure types that are different from the furgusonite type rareearth ortho niobate structure. The large rare-earth ions La and Pr crystallize in a monoclinic
structure with P21/n space group while the medium-small rare-earth ions form a monoclinic
structure with P2/c space group (M’-type). It was observed that the growth of LnTaO4
crystals depend on the type of mineralizer, concentration of mineralizer and the
temperature. Also, the Ln2O3:Ta2O5 ratio affected on the final products obtained. Best
yields of the LnTaO4 phase were obtained when 1:1 ratios of Ln2O3:Ta2O5 were used with
20M KOH at 700 ⁰C. Use of fluoride mineralizer under these conditions facilitated the
growth of single crystals of CsLn2F7 instead of LnTaO4. Use of excess Ta2O5 in the reaction
medium resulted LnTaO4 crystals with excess Ta2O5 powder, while the use of excess Ln2O3
in the reaction medium resulted well grown single crystals of Ln2TaO5OH phase instead
of LnTaO4 phase. In this study the crystals grew well without any cracks which is a problem
in tetragonal YVO4 and related compounds. Since a slow crystal growth was carried at
temperatures below the melting points of these refractory oxides, it was possible to obtain
good quality single crystals without disorder or twinning. This proves the validity of the
hydrothermal method in comparison to the conversional melt-based method to grow highly
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refractory compounds. The synthesized LnTaO4 compounds displayed very high densities
due to the compact 3-D structure and the highest density was observed for LuTaO4 with a
density of 9.729 g cm-3. This high density can make it an excellent scintillator host material
for high energy radiation. Doping experiments on LuTaO4 and studies on their optical
properties is ongoing. The studies on the LnTaO4 compounds were severely hindered
previously due to problems associated with the crystal growth methods. By synthesizing
these materials as well grown single crystals at low temepratures, the analyses of various
physical properties of these compounds can be performed in the future.
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CHAPTER SEVEN

CONCLUSIONS
In this dissertation we have shown that hydrothermal method works well for the
growth of a number of refractory oxides containing 4-d, 5-d transition metal ions and
lanthanides. All the discussed compounds were synthesized well below their melting point
(600-750 ⁰C) using suitable mineralizers. Therefore, the common problems observed in
conventional high temperature synthetic methods such as non-stoichiometry, lattice defects
were rarely observed. In most cases good quality single crystals were obtained without any
defects or twinning. Also most products were obtained with a good purity.
It was observed that the hydrothermal technique is extremely useful in exploratory
synthesis of refractory oxides. In this research several new rare earth rhenium, ruthenium
and tungsten compounds were isolated as single crystals. For example in chapter three we
observed the versatile nature of ReO2 building block under hydrothermal conditions. We
obtained novel Ln2Re2O7(OH) (Ln = Pr, Nd) compounds with an interesting structure
consisting of isolated Re4O16 clusters. These clusters are not observed in literature prior to
the work conducted by our group1. Also we obtained two new Ln3ReO7 (Gd, Tb)
compounds that has a different structure from the common weberite phase. In the
introduction we mentioned that there are many gaps in the known rare earth rhenate,
ruthanate and tungstate systems. In this research we were able to complete some of these
gaps by synthesizing single crystals of several rare earth analogues of Ln4Re2O11 (Eu, Tb),
Ln2ReO5 (Pr, Nd), Ln3Re2O9 (Pr, Nd), Ln6ReO12 (Yb, Lu) phases. Most of these structures
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consisted of interesting structural frameworks with isolated Re clusters with Re-Re double
bond or triple bonds. Also these compounds consisted of different rhenium oxidation states.
With Rhenium work we observed a structural variation across the lanthanide series relative
to the size of the rare earth ion. The decrease of the size of rare earth ion from La to Lu
due to lanthanide contraction should cause this structural variation to take place. All the
rhenium compounds were synthesized in deionized water without using any mineralizer. It
was observed that the use of deionized water always produce best results compared to the
use of mineralizers. The ability to grow high quality single crystals of these phases with a
good purity will enable to perform physical property measurements in the future. Magnetic
measurments on systems which consist of unpaired d electrons might reveal some
interesting results. Also absorption property measurements of these compounds has to be
carried out in the future to understand if these materials possess small band gaps. If these
oxide systems have small band gaps they could be useful in the future as small band gap
semiconductors which would be particularly interesting than the industrially available
small band gap semiconductors such as InGaAs or PbS which are highly toxic and also
susceptible to oxidation.
The knowledge gained from rhenate work was applied for the exploratory synthesis
of ruthenium compounds. Here we used RuO2 as a building block and this approach also
revealed a very rich chemistry across the f block series. In the ruthenium work we observed
the formation of novel Ln2RuO5OH (La, Pr, Nd) compounds with a structure similar to the
Ln2TaO5OH compounds synthesized by our group. Also several other phases were
synthesized as good quality single crystals including pyrochlores, peroveskites and
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Ln5Ru2O12 phases. The synthesis of perovskites with less site disorder has been a problem
in the past. Also single crystal data for many pyrochlore systems are not known to date. In
this research we report single crystal data for many of these compounds. Synthesizing these
compounds as good quality single crystals with minimum site disorder and defects will be
useful in determining their complex magnetic behaviors and also the structure property
relationships in the future.
All the interesting results we obtained with ReO2 and RuO2 led us to naturally think
of WO2 as a building block. Interestingly the tungsten work revealed some novel structures
with interesting structural frameworks and also several rare earth analogues of some known
tungsten phases such as Ln2 WO6 and KLn(WO4)2. Some novel structural possibilities for
tungsten were also found such as the isolated W3 O15 trimers. Some similar cluster types
were observed between tungsten and rhenium. Isolated W2O10 type clusters were found
within the novel KTb26W6O53F9 structure type. Unlike Re2O10 clusters these W2O10 clusters
did not reveal any W-W bonds due to the absence of d electrons for bonding. While the
structure and luminescence properties of rare earth double tungstates are widely known in
literature, the hydrothermally synthesized KLn(WO4)2 (La, Pr) compounds in this study
crystallized in a structure that is not well known in literature. This structure showed the
presence of isolated W4O16 clusters similar to the Re4O16 clusters observed in
Ln2Re2O7(OH) (Ln = Pr, Nd) compounds. KLa(WO4)2 would be an interesting host
material to dope with optically active rare earth ions such as Nd3+, Er3+, Tm3+ to understand
the relationship between different double tungstate structure types and their luminescence
properties.
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In chapter five we discussed about the targeted synthesis of rare-earth ortho tantalates. This
work was an extension of niobate work carried out by our group. In this study we focused
on the targeted synthesis of rare earth ortho tantalates as good quality single crystals. It was
observed that rare-earth orthotantalates crystallize in a structure different from the structure
of YVO4 which has a weak c plane that leads to cracking in the crystals. The compact
crystal structure resulted very high densities for these LnTaO 4 materials and the highest
density was observed for LuTaO4 with a density of 9.729 g cm-3. This high density will make
these rare-earth ortho tantalates excellent laser host materials. Doping experiments of LuTaO4

with optically active rare earth ions will reveal the potential applications of this material as
a laser host. Synthesizing these materials as good quality single crystals with minimum site
defects and disorder allows to analyses various physical properties of these compounds in
the future.
In conclusion we have investigated several mixed metal oxide systems containing
4-d/5-d transition metal ions and lanthanides. The structure-property relationships of these
systems are not understood well in literature due to the lack of single crystal data. The goal
of this study was to synthesize these highly refractory oxides as good quality single crystals
for physical property measurements in the future. Use of suitable hydrothermal conditions
enabled the growth of these compounds as high quality single crystals with minimum site
defects and disorder and therefore make it possible to investigate the optical and magnetic
properties of these materials in the future. This work also revealed some new structural
possibilities for the 4-d, 5-d transition metal ions; expanding our knowledge on the
structural chemistry of these less explored systems. While this study has unveiled some
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novel structural possibilities of these compounds, it is our belief that there are more to be
discovered in the future. Further exploration of these 4-d/5-d mixed metal oxide systems
using hydrothermal technique by varying stoichiometry, mineralizer and temperature is
important since there are many unanswered questions related to these systems. It is the
author’s hope that this thesis will provide a small contribution to serve the needs of the
hydrothermal researchers in years to come.
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